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The aim of this study was to investigate the molecular basis of acid-
tolerance in Rhizobium. Transposon Tn5-induced mutants were used to identify 
genes required for acid-tolerance in the Sardinian strain Rhizobium meliloti 
WSM419 and the Japanese strainR. leguminosarum bv. viceae WSM710. Plant 
inoculation tests showed that nodulation by these acid-sensitive mutants on their 
respective hosts was comparable to that of the wild-type. 
Calcium affected the growth of both wild-type Rhizobium strains at acidic 
pH. Cells of R. meliloti WSM419 grew faster at acidic pH and could grow at a 
progressively lower pH as the calcium concentration was increased. R. 
leguminosarum WSM710 was able to grow below pH 4.9 if the concentration of 
calcium was increased in the medium. The acid-sensitive mutants could be divided 
into two groups on the basis of their response at acidic pH to the external calcium 
concentration. The first group (R. meliloti strains TG 1-6, TG 1-11, TG2-6, TGS-46 
and R. leguminosarum WR6-35) grew at low pH if extra calcium was supplied in 
the medium. In the second group were those mutants (R. meliloti RT3-27 and R. 
leguminosarum WRl-14) that were unable to grow at low pH even if a high 
concentration of calcium was supplied. 
Southern hybridisation studies using Tn5 as a probe demonstrated that each 
mutant contained only a single copy of Tn5. The re-insertion of Tn5 back into the 
wild-type using a suitable site-directed homologous recombination strategy (with an 
appropriate suicide vehicle for R. meliloti or phage RL38 mediated transduction for 
R. leguminosarum) recreated the acid-sensitive phenotype which verified that Tn5 
was the causative agent of the disruption of a gene required for acid-tolerance. 
The rhizobial DNA flanking Tn5 was cloned from the mutants TG2-6, 
TGS-46, RT3-27, WR6-35, and WRl-14 and the DNA was sequenced and 
analysed for protein encoding regions. DNA or protein sequences were then used to 
search for similarity in the GenBank, EMBL, or GenPeptide databases. 
lV 
The genes interrupted by Tn5 in the mutants were designated as act genes (acid-
tolerance genes) and numbered according to the name of the mutant; for example, 
the gene disrupted by Tn5 in TG2-6 was labelled as act206. 
The predicted protein (Act206) encoded by act206 in WSM419 is 541 
amino acids in length and has an estimated molecular weight of 57, 963 D and a pl 
of 9.0. An incomplete open reading frame contiguous to act206 appears to code for 
a DNA binding protein homologous to URF4 of Rhodospirillum rubrum and 
n~pressors in coliphage. The Act206 protein has a small degree of identity (30 % 
over 465 amino acids) but higher similarity (69 % over 465 amino acids) to CutE 
from Escherichia coli. Disruption of the latter protein caused a copper sensitive 
phenotype in cells of E. coli. S. typhimurium also contains an allele of cutE which, 
if mutated, causes a temperature-sensitive and copper-sensitive phenotype and a 
reduction in the activity of the lipid metabolising enzyme apolipoprotein N-
acy ltransferase. The act206 mRNA was found in cells grown under both acidic (pH 
5.8) and neutral (pH 7.0) conditions. The act206 gene appears to be chromosomal 
and was found in all seven strains of R. meliloti examined. At this stage the role of 
Act206 in acid-tolerance remains unclear. 
The gene inactivated in WR6-35 has a strong similarity to the exoR 
sequence of R. meliloti Rm1021 (71.3 % over 892 bp). The protein (Act635) 
encoded by act635 is predicted to be 267 amino acids in length with a molecular 
weight of 28, 920 D and a calculated pl of 5.5. The Act635 protein has 93.3 % 
similarity and 70 % identity over 267 amino acids with R. meliloti Rm1021 ExoR. 
Strain WR6-35 produced approximately twice as much EPS as the wild-type 
WSM710 under the conditions used. NMR spectra of EPS produced by the wild-
type and WR6-35 were indistinguishable. Disruption of exoR in R. leguminosarum 
caused a mildly acid-sensitive phenotype; one possible explanation is that a 
perturbation of the cytoplasmic membrane has resulted through an overproduction 




The gene disrupted by Tn5 in R. meliloti TG5-46 (actR; previously called act546) 
encodes a protein (ActR) of 193 amino acids with a predicted molecular weight of 
21, 463 D and a pl of 8.3. This protein has a similar amino-terminal region to 
regulatory proteins of the histidine protein kinase/regulator protein family involved 
in signal transduction in bacteria. ActR has a high degree of similarity over the 
entire protein sequence of PrrA from Rhodobacter capsulatus (94.9 % similarity, 
69.3 % identity over 176 amino acids). It also had a high degree of similarity with 
RegA from Rhodobacter capsulatus (92.6 % similarity, 70.5 % identity over 176 
amino acids) or R. sphaeroides (92.6 % similarity, 67.0 % identity over 176 amino 
acids). Neither, PrrA or RegA belong to any recognised subclass ofregulators and 
hence have been classified in a new subgroup. It is postulated that ActR falls into 
this new subgroup based on protein similarity. The predicted protein encoded by 
the gene upstream to actR showed similarity with sensor proteins, such as PhoR 
(67.2 % similarity and 24.6 % identity over 244 amino acids) from Escherichia coli 
and FixL (69.5 % similarity and 25.4 % identity over 256 amino acids) from 
Bradyrhizobium japonicum, which are members of the histidine protein 
kinase/regulator family. It is speculated that this protein, consequently labelled as 
ActS, may play a role in the detection of the hydrogen ion concentration and 
transfer this signal to ActR which in turn regulates one or more structural genes. 
The genes inactivated in R. meliloti RT3-27 (act327) or R. leguminosarum 
WRl-14 (actl 14) showed similarity with genes which encode P-type ATPases in a 
variety of eukaryotes and prokaryotes. These genes may encode proteins which 
have a direct role in proton translocation or an indirect role through ion transport in 
the cell. 
The possible implications of these findings are discussed and a tentative 
model for the genetic basis of acid-tolerance in Rhizobium is presented. 
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CHAPTER 1 
THE GENETIC BASIS OF BACTERIAL RESPONSE TO LOW pH. 
l 
1.1: INTRODUCTION 
Bacterial cells need to cope with a wide variety of environmental stresses 
and to be able to rapidly adapt to a changing environment in order to survive and be 
competitive. Considerable effort has been devoted to understanding how bacterial 
cells respond to these environmental stresses. Lately there has been a significant 
increase in the number of studies investigating the response of bacteria to low pH 
due to its relevance in bacterial-host interactions in medicine (Mekalanos, 1992) and 
agriculture (Munns, 1986; Winans, 1990). This chapter reviews what is known 
about the effects of low pH on bacteria, and the mechanisms they adopt to deal with 
them. 
1.2: EFFECT OF pH ON BACTERIA. 
Micro-organisms can be found in environments between pH values of 1 (in 
acidic sulphur springs) and 11 (in some soda lakes). Hence, bacteria have been 
divided into three broad categories depending on the pH at which optimum growth 
occurs: acidophiles, which have optimum growth rates at pH 2-4, neutrophiles at 
around neutrality, and alkaliphiles at pH 8-10. That these organisms survive in their 
respective environments suggests that they have mechanisms for coping in these 
conditions. This review focuses on the genetic response of neutrophilic and 
acidophilic bacteria to low pH. 
Hydrogen ion concentration increases ten-fold for every pH unit decrease. 
Since protons migrate faster than any other ions through water they have the 
potential to readily interact with the amino, carboxyl, phosphoryl, and sulfonyl 
residues to critically change the charge and conformation of proteins. Low pH, 
therefore, can sufficiently limit the activity and/or stability of proteins to affect or 
prevent the growth of the micro-organism (Brock, 1969). 
2 
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Bacterial cells exposed to stressful acidic conditions can show major effects 
on cell shape (Lowe et al., 1993), solute transport (Poolman et al., 1987) and a 
detrimental effect on viability (Booth, 1985). Not surprisingly, changes in pH are 
known to act as a tactic stimulus. For example, a decrease in the external pH 
mediates a repellent response in E.coli (Kihara & MacNab, 1981; Repaske & 
Adler, 1981). 
One way to ensure proper cellular function under acidic conditions would be 
to maintain the cytoplasmic pH around neutrality. This has led investigators to use a 
variety of methods to establish whether bacteria do indeed maintain control of the 
pH in the internal compartment of the cell and how this might be. 
1.3: INTRACELLULAR pH MEASUREMENT 
Two types of probes have been used extensively to measure internal pH 
(pHi); radioactively-labelled weak acids such as 5,5-dimethyloxazolidine-2,4-dione 
[DMO] or butyric acid (Padan & Schuldiner, 1986), and pH-sensitive fluorescent 
compounds such as fluorescein or 3,6-dihydroxyphthalonitrile [DHPN](Shechter et 
al., 1982; Owen, 1992). The use of weak acids or bases relies on the assumption 
that the non-ionised form is freely permeable across the bacterial membrane 
whereas the ionised form in the cytoplasm is impermeable. Calculation of the 
equilibration ratio of a weak acid or base across the cell membrane allows the 
calculation of the pHi (Padan & Schuldiner, 1986). Fluorescent probes enter the 
cell and are cleaved by non-specific esterases in the cytoplasm to release an 
impermeable fluorescent dye whose emission spectrum and intensity is pH-
dependent (Shechter et al., 1982). 
To be useful as a probe these compounds must not i) leak through the 
membrane; ii) be actively transported or metabolised within the cell; or iii) perturb 
the intracellular environment. 
3 
31 P nuclear magnetic resonance has also been used to measure pHi in a 
number of laboratories (Burt et al., 1979; Radda & Seeley, 1979; Slonczewski et 
al., 1981), but is not a technique readily available to all workers due to the 
expensive and complex instrumentation that is required. In addition, if the 
phosphorous content in the cells is low, this technique requires dense suspensions 
of cells and long exposure times. Under these conditions bacterial cells may suffer 
from a lack of oxygen which can lead to anaerobiosis, acidification or cell death. 
The end-result is a potentially misleading pHi measurement. 
However, even with these inherent problems of intracellular pHi 
measurement there is good agreement between the three methods in Escherichia coli 
(Patlan & Schuldiner, 1986). Intracellular pH measurements using these different 
techniques in a number of bacteria (Caldwell, 1956; Waddel & Bates, 1969; 
Thomas et al., 1976; Patlan et al., 1982; Booth, 1985) have shown that an 
important component of bacterial physiology is the relatively tight regulation of the 
cytoplasmic pH. It is now generally agreed that aerobic and facultatively anaerobic 
acidophiles have pHi values in the range of 6.5-7.0, while neutrophiles have pHi 
values of 7.5-8.0, and alkaliphiles have pHi values of 8.4-9.0. The particular pHi 
value is usually species-dependent (Booth, 1985). In contrast to the aerobic and 
facultatively anaerobic organisms, anaerobic bacteria have been reported not to 
maintain the intracellular pH at a constant value, though, in general they still show a 
one pH unit difference between pHi and the external pH (pHe) (Lowe et al., 1993). 
1.4: PERTURBATION OF CYTOPLASMIC pH 
Although bacteria maintain a pH difference between pHi and pHe, the 
question arises as to whether this necessarily has anything to do with cell growth or 
survival. A number of experimental lines of evidence indicate that indeed it does. 
Firstly, in neutrophiles if the near-neutral cytoplasmic pH is altered by 
exposure to more acidic conditions, then inhibition of bacterial growth occurs. An 
4 
optimum growth rate of the neutrophile Enterococcus hirae (formerly Streptococcus 
faecalis) is apparently dependent upon an alkaline cytoplasmic pH. Thus, 
Kobayashi & Unemoto (1980) incubated cells of E. hirae in the presence of the 
ionophore gramicidin D, (which thus equilibrated Na+, H+, and K+ ions across the 
membrane) and found that as the internal pH of these cells decreased, the growth 
rate dropped dramatically (Fig. 1.1). Although a 50 % reduction of the maximum 
growth rate occurred when the cytoplasmic pH was 6.6, growth was still possible 
for cells with a cytoplasmic pH of 6.0. Although an alkaline internal pH is optimal 
for growth, the organism apparently tolerates reductions in internal pH of up to 1 
pH unit. However, E. coli is much more sensitive to variation in cytoplasmic pH. 
Using the weak acid dimethyloxazolidinedione to reduce the cytoplasmic pH to 7.2 
caused a 50 % decrease in growth rate, and the inhibition was complete if the pHi 
fell to 6.6 (Booth, 1985). 
Secondly, further biochemical and genetic studies point to the central role of 
the regulation of the cytoplasmic pH in acid-tolerance. Mutants of E. hirae, unable 
to grow at low pH, were unable to extrude protons, or generate a pH gradient and 
could not maintain a near-neutral pHi (Kobayashi & Unemoto, 1980; Kobayashi et 
al., 1982). 
Since in acidic conditions leakage of protons into the cell across the 
membrane is inevitable, a mechanism for pHi maintenance necessarily demands a 
mechanism for excess proton expulsion. Regulation of such processes would seem 
to demand that cells have the ability to sense and respond to either the pHi or the 
pHe or both. 
1.5: THE DETECTION OF ENVIRONMENTAL SIGNALS TO 
PROVIDE A RESPONSE TO STRESS. 
It is of fundamental importance in the microbial world that bacterial cells are 
able to monitor changes in their environment and mount whatever adaptive 
5 
responses are needed for survival and success in their environment. This sensory 
system needs to allow the cell to regulate gene expression and change cell 
morphology, physiology, and behaviour to meet the environmental stress. 
In the simplest case (Fig. 1.2), an environmental stimulus is detected by a 
bacterial cell through a sensory receptor protein ( a histidine protein kinase called a 
"sensor"). This stimulus results in the activation of the protein via 
autophosphorylation of a histidine residue. The phosphate group is then transferred 
to an aspartate residue of a corresponding regulatory response protein ( called a 
"regulator"). As a consequence, the regulator protein is activated and mediates an 
appropriate response either by interacting with other proteins (altering their activity) 
or binding to DNA (altering transcription). Dephosphorylation of the regulator 
interrupts this regulatory response (Stock et al., 1989; Parkinson and Kofoid, 
1992). Bacteria are thus able to react to a diverse number of environmental signals 
through a common mechanism (Albright et al., 1989). Because of the central 
importance of these two components in signal-transduction, they have been called 
"two-component" regulatory systems. However, this terminology is misleading, 
since the systems are often more elaborate and may contain more than one kinase 
component, or response regulator, or both (Stock et al., 1989). Although certain 
histidine protein kinases are classical membrane receptors, others are clearly not 
(Stock et al., 1989). In addition, kinase activity has not yet been demonstrated in all 
of the so-called kinases (Bourret et al., 1991). Various other terms including 
modulator/effector (Nixon et al., 1986) or transmitter/receiver (Kofoid & 
Parkinson, 1988) have also been used to describe the kinase/regulator components. 
In this thesis the terms histidine protein kinase and response regulator will be used. 
The proteins involved in signal transduction can be identified as belonging 
to one of two homologous protein families, depending on DNA sequence, or 
protein similarity. The histidine kinases typically have a conserved carboxyl-
terminal region of around 240 amino acids, while regulators share amino-terminal 
sequences of around 120 amino acids (Parkinson & Kofoid, 1992). The N-terrninal 
Fig 1.2 Figure removed as the result of copyright restrictions but can be accessed
at  https://www.annualreviews.org/doi/pdf/10.1146/annurev.ge.26.120192.000443
sequences among the kinases or the C-terminal sequences among the regulators 
appear to be quite variable although there may be small areas of similarity. Members 
of the regulator family (receivers) have been organised into groups depending on 
the similarity of the output domains (Fig. 1.2). The major groups include the 
OmpR, FixJ, or NtrC -like proteins as classified by Stock et al. (1989), or the 
ROn, ROm, or ROrv groups ('R' representing receiver module and 'O' as the 
output domain of the regulator protein - Fig. 1.2) as determined by Parkinson & 
Kofoid (1992). Members in the OmpR (R0II) group have output domains which 
appear to bind to DNA upstream of a cr 70 promoter sequence. Proteins in the FixJ 
(R0III) family may be capable of DNA binding and transcriptional regulation, but 
this has not been firmly established. Finally, regulators in the NtrC (R0IV) group 
are proteins which contain two output domains involved in regulating transcription. 
The C-terminal domain binds to enhancer sequences upstream from the cr54 
promoter while the central domain interacts with the cr54 component of the RNA 
polymerase holoenzyme to promote formation of open transcription complexes. 
Nearly all the histidine kinase proteins have at least two regions spanning the 
membrane; the regions in the periplasm are variable from one protein kinase to 
another and may be the actual signal detectors. 
These protein pairs sense and respond to a wide variety of stimuli (Stock et 
al., 1989; Parkinson & Kofoid, 1992) and it has been estimated that E.coli may 
contain around 40 to 50 transmitter-receiver pairs (Parkinson & Kofoid, 1992); 19 
protein pairs have been discovered so far (Da Re et al., 1994). 
An effective mechanism for survival in an acidic environment would involve 
the cells being able to sense the pH of their environment and subsequently regulate 
the expression of genes associated with the response to low pH. It might be 
expected that a number of these genes induced at low pH would code for proteins 
specifically required for cell survival under acidic conditions. Synthesis of certain 
other gene products not required under acidic conditions might be repressed. 
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Bacterial cells may be able to sense a pH shift in the cytoplasm (pHi), or the 
periplasm whose pH may approximate that of the external medium. Using strains of 
E. coli containing Mud-lacZ fusions, Slonczewski et al. (1987) found some pH-
responsive loci such as inaA responded only to cytoplasmic acidification (through 
the use of weak acids), while others like exa-1 (now known as cadA, which 
encodes lysine decarboxylase), were induced only by external acidification. 
Evidence that a protein sensory mechanism might be involved in the 
response to external low pH has come from molecular studies on the DNA region 
upstream from cadA (Watson et al., 1992). Acidic induction of cadA requires the 
linked upstream locus cadC which regulates transcription of the cadAB operon 
through the promoter Pead which is located upstream of cadB. The computer 
predicted amino acid sequence of CadC shows good homology to known 
transcriptional regulators such as PhoP, PhoB, OmpR, VirG, and ToxR (Watson et 
al., 1992). Unlike the latter regulators, however, CadC and ToxR both contain a 
DNA binding domain in the amino terminus rather than in the carboxyl terminus. 
ToxR-regulated genes of Vibrio cholera are strongly induced under acidic 
conditions. The toxR gene product controls a large group of genes by regulating the 
transcription of a second regulator gene, called toxT, which mediates the expression 
of cholera toxin, tcp pili, and other virulence determinants (DiRita et al., 1991). It is 
believed that the response to pH is mediated by ToxR, rather than ToxT, (DiRita et 
al., 1991). 
Both ToxR and Cade bear similarity to members of the OmpR (ROrr) 
family of response regulators by virtue of amino acid homology; they are unusual 
among this response-regulator family in that they each contain both a putative DNA-
binding domain and a putative membrane-spanning region. Consequently, it is 
thought that these proteins function both as transcriptional activators and as 
sensors. At least for ToxR and CadC there would appear to be no separate 
individual sensor molecule, but rather that the function of sensing and regulating a 
response to low pH is now performed by one protein. 
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Other transmitter-receiver regulatory systems involved in transmembrane 
communication are also be affected by low pH. The PhoQ (membrane receptor)-
PhoP (receiver) regulatory system is required for the expression of genes involved 
in virulence in Salmonella typhimurium (Miller et al., 1989b). Pathogenicity 
depends on the ability of these bacterial cells to survive in the acidic intracellular 
space of the macrophage and their resistance to host defensin molecules. 
Preliminary evidence suggests that the signalling activity of the PhoQ receptor may 
be regulated by pH and nutrient deprivation levels, implying that PhoPQ may be 
responsive to conditions inside the phagolysomes (Miller et al., 1989a). It is 
therefore not surprising to find that if the phoP locus is mutated then not only does 
the mutant become avirulent, but also becomes 1000-fold more acid-sensitive than 
the wild-type (Foster & Hall, 1990). Accordingly, some of the PhoPQ-regulated 
genes may encode functions which protect cells from acidification. Alternatively, 
some of these gene products may prevent, or reverse, the acidification of the 
environment (Slonczewski, 1992). 
By being able to sense the environmental pH the bacterial cell should be able 
to effectively respond by altering the expression of a number of proteins essential 
for cellular processes in acidic conditions. 
1.6: INDUCTION/REPRESSION OF PROTEINS REQUIRED BY 
CELLS TO MOUNT A RESPONSE TO LOW pH STRESS. 
Proteins whose location is at least in part extracellular are not protected from 
the extremes of pH encountered at the surface of the cell. Cells might need to 
regulate the expression of genes encoding these proteins such that they are 
synthesised at pH values where they can function effectively. Caddick et al. (1986) 
found that a number of such proteins (acid-phosphatase, phosphodiesterase, amino-
butyrate permease and alkaline phosphatase) in Aspergillus nidulans are controlled 
in this manner. For example, acid phosphatase activity is high at acidic pH, while 
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that for alkaline phosphatase is low. At alkaline pH the reverse is true. No evidence 
has been found that suggests a pH effect on intracellular alkaline phosphatase PII 
(Caddick et al., 1986). These authors found that a mutation in a number of genes 
(pacC, palA, palB, palC, palE, or palF) impairs the pH regulation of extracellular 
enzyme and permease synthesis. 
Cells would induce and repress intracellular as well as extracellular proteins 
in response to low pH. A shift in the extracellular pH from pH 6.9 to 4.3 induced a 
set of 17 intracellular polypeptides in E. coli (Heyde & Portalier, 1990) within 20 
min. Ten min. after this pH shift the cellular viability decreased by 50 %. Seven of 
these polypeptides (designated as acid-shock proteins) were specifically induced by 
low pH; one of these (acid shock protein 72) was RpoH (cr32)-dependent. Another 
six induced proteins included members of the heat shock proteins, four of which 
( GroEL, DnaK, HtpG, and HtpM) are also induced by other stresses such as 
exposure to UV light or nalidixic acid (Krueger & Walker, 1984). Two of the three 
other acid-induced proteins corresponded to the C62.7 and C70 subunits of 
dihydrolipoamide acetyltransferase, which are also induced by low temperature 
(Jones et al., 1987) or aerobiosis (Smith & Neinhardt, 1983). The third (protein 
32) is also induced by high osmotic pressure. While a variety of stress proteins may 
be required for cells to adapt to an acid medium, the synthesis of shock proteins 
specific to acid may well be required for successful adaptation. 
1.6.1: The "Acid-Tolerance Response" (ATR) of bacteria 
Bacterial cells grown in near-neutral conditions die more rapidly when 
exposed to a very low pH when compared to cells that have been grown under 
mildly acidic conditions. This adaptive acid-tolerance response (ATR) has been 
shown for E.coli (Goodson & Rowbury, 1989), S. typhimurium (Foster & Hall, 
1991), andAeromonas hydrophila (Karem et al., 1994) and is an important 
response to allow cells to habituate to low pH conditions which might otherwise be 
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lethal. This ATR in Salmonella requires new protein synthesis (Foster, 1991). 
Since increasing the external acid stress resulted in a graded ATR (as the pHe falls 
the extent of the ATR increases), it would seem that varying levels of induction 
and/or repression occur as the cell senses a change in the external pH (Foster & 
Hall, 1990). 
The ATR response can be divided into three components: i) logarithmic 
phase ATR; ii) stationary phase ATR; and iii) general stress response to low pH. 
Two-dimensional electrophoresis of cell extracts prepared from logarithmic 
phase cells of S. typhimurium grown at pH 7.6 and then given a mild acid shock at 
pH 5.8 revealed the induction of 12 proteins and the repression of 6 (Foster & Hall, 
1990). This first stage of the ATR system is called the pre-acid shock stage. Foster 
& Hall ( 1990) did not find a link between other genetic stress management systems 
and the pre-acid shock A TR system. An important consequence of the pre-acid 
shock stage is an inducible homeostasis mechanism which helps cells maintain an 
intracellular pH above the lethal limit during extreme acid stress (Foster & Hall, 
1991). 
The second stage of the A TR has been designated as the post-acid shock 
stage and occurs when cells are transferred from pH 7.7 to conditions of severe 
acid stress (pH 4.5 or below). At this pH the cells are able to maintain viability for 
several hours. Under these conditions, the expression of a set of 52 proteins is 
altered (Foster, 1991). Of these proteins, 37 were induced, while 15 were 
repressed. However, these acid-shock proteins by themselves do not allow the cell 
to survive during severe acid-exposure at pH 3.3. What, then, is the importance of 
these acid shock proteins? Foster (1991) suggests that the ATR system is a two 
stage response and that both stages are required for effective acid-tolerance in 
extreme acidic conditions. In the first stage the cell induces/represses proteins in 
mildly acid pH (around 5.8), conditions which thereby enable the cell to maintain 
the pHi above the lethal limit in strongly acidic conditions. In the second stage, the 
cell synthesises acid shock proteins when it encounters moderately acid pH ( 4.5 or 
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below). Both the pre-acid shock and post-acid shock induction of proteins is 
required in order for the cell to survive in extremely acidic conditions. Preventing 
the expression of one or the other eliminates acid-tolerance at lethal pH (Foster, 
1991). 
In contrast to log phase cultures, stationary phase cells of E. coli and 
Shigella flexneri grown in aerobic conditions are acid-resistant at pH 2 to 3 
(surviving 2-3 h) regardless of the growth pH (pH 5-8) (Small et al., 1994). These 
authors have found that stationary phase acid-resistance in these organisms requires 
the sigma factor cr38 encoded by rpoS (katF). Mutants of E.coli or S.flexneri, 
which have a defective rpoS gene, died more rapidly at pH 2 to 3. Interestingly, if 
rpoS mutants are grown under anaerobic conditions then they become fully acid-
resistant at low pH. Many gene products protecting cells of E. coli from adverse 
environmental conditions are regulated by rpoS and include factors such as 
starvation, hyperosmolarity, oxidative damage and UV radiation (Small et al., 
1994). 
Plunging cells into media of damaging pH causes the induction of proteins 
of the global stress response networks involved in DNA repair (SOS system) or 
heat shock implying that low pH causes not only protein but also DNA damage. 
Studies by Foster & Hall (1990) and Leyer & Johnston (1993) have shown 
that synthesis of heat shock proteins does not enhance acid-tolerance. However, 
acid-adaptation provides increased tolerance to heat and osmotic stress in E. coli 
(Leyer & Johnston, 1993). The acid-adapted cells apparently contain the proteins 
required to mount a response to heat or osmotic stress. Since some of the heat 
shock proteins have essential roles in protein biosynthesis, particularly transport, 
translocation, and folding (Morimoto et al., 1992), it is not surprising that heat 
shock proteins are induced at low pH. It has been suggested by Morimoto et al. 
(1992) that the heat shock response be more generally known as the stress response 
due to the diversity of conditions which are now known to induce it. 
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1.7: METHODS OF ACHIEVING pH TOLERANCE. 
Bacterial cells can exist in environments at high or low pH values or 
experience shifts in pH due to metabolic or environmental change. Do different 
bacteria have different survival strategies? Micro-organisms have diverse metabolic 
pathways and it would not be expected that all bacteria utilise the same mechanism 
to combat low pH stress. Anaerobic bacteria appear to adapt to changing pH by 
changing their metabolism. In contrast, aerobes seem to tolerate the changing 
conditions and induce systems designed to protect the cell (Lowe et al., 1993). It 
may well be that not all bacteria utilise a single mechanism for pH regulation, but 
rather that there may be common features in the mechanisms which bacteria use to 
combat acidic stress. 
What mechanisms then do bacterial cells use to deal with excess proton 
influx? 
1.7.1: Membrane structure 
There are two scenarios whereby cells might prevent protons from entering 
the cell. Firstly, cells which can survive acidic stress might be expected to have a 
different membrane composition to those of acid-sensitive bacteria. Secondly, 
bacterial cells might be able to respond to pH by changing the permeability of the 
membrane to hydrogen ions. 
1. 7 .1.1: Membrane composition 
One possible characteristic which would allow cells to survive in an acidic 
environment would be to have a different cell membrane composition. The 
acidophiles provide a unique opportunity to investigate the properties of their 
membranes and compare them with those of the neutrophiles. However, caution 
needs to be exercised since an extremely acidic environment could provide the cells 
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with a multitude of other stresses (for example the availability of various metals). 
The membrane composition of a number of acidophiles has now been investigated. 
The membranes of two archaebacterial acidophiles, Sulfolobus 
acidocaldarius and Thermoplasma acidophilum (Fox, 1980) have a rather striking 
difference from eubacteria in that a major constituent of their membranes are either 
long-chain glycerol tetraethers (Langworthy, 1977) or long-chain glycerol diethers 
or polyol dialkyl glycerol triethers (Langworthy et al., 1974). However, it is 
unlikely that this lipid composition confers a specific advantage in acidic conditions 
since other archaebacteria, such as the methanogens and halobacteria, also contain 
ether-linked lipids and are not acidophilic (Cobley & Cox, 1983). 
The eubacterial Bacillus acidocaldarius contains in addition to the normal 
ester-linked glycerides, complex lipids derived from tetrahydroxybacteriohopane 
(Poralla et al., 1980). It has been suggested that these complex lipids may confer an 
advantage by stabilising the membrane and allowing this organism to live in hot 
acidic environments (Cobley & Cox, 1983). However, it still remains a possibility 
that these membrane lipids aid in the maintenance of normal membrane fluidity at 
high temperatures rather than a direct involvement in acidity per se. In this regard it 
is interesting to note that, in general, as the temperature stress is decreased the 
acidophiles become morphologically and chemically similar to those organisms 
which grow at more neutral pH values (Langworthy, 1978). Thus far, there appear 
to be no discernible structural modifications of the cytoplasmic membrane directly 
connected with acid tolerance. 
1. 7 .1.2: Membrane permeability 
It has been suggested that acidophiles may contain novel lipids in their 
membranes (Zilberstein et al., 1979) which would serve to increase membrane 
rigidity and decrease membrane permeability (Poralla et al., 1980). The obvious 
question is whether other acid-tolerant bacteria ( eg among the neutrophiles) could 
modify their membrane composition to decrease permeability to H+. Although this 
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is largely unknown, it has been found in the neutrophile Staphylococcus aureus that 
the lipid content of the membrane varies depending on the pH of the growth 
medium (Haest et al., 1972). In this study, the levels of lysylphosphatidyl glycerol 
increased and phosphatidyl glycerol decreased when the pH of the medium was 
lowered from pH 7.0 to 4.7. By adjusting the medium back to pH 7.0 the authors 
were able to show that the levels of lysylphosphatidyl glycerol decreased while 
phosphatidyl glycerol levels increased. 
The membrane composition of Sarcina ventriculi is also responsive to pH; at 
neutral pH the fatty acids in the membrane varied in length from C14 to Cl8, 
whereas the predominant membrane lipids at acidic pH were hydrophobic C32-C36 
dicarboxylic fatty acids (Jung et al., 1993). These unique fatty acids accounted for 
50 % of the total membrane fatty acids and were only present as trace amounts at 
pH 7.0 (<7 %). However, the phenomenon is not specific to low pH since these 
unusual fatty acids are produced by cells at pH 7.0 in the presence of alcohols or 
under thermal stress (Jung et al., 1993). This organism is also unusual in that its 
membrane components are not the usual phospholipids but predominantly 
glycolipids. The synthesis of these unusual fatty acids has been suggested to be a 
general response to environmental factors that might disrupt the membrane and 
decrease fluidity (Jung et al., 1993). 
Acid-adapted cells appear to have increased cell surface hydrophobicity and 
are more resistant to agents active at the cell surface such as crystal violet and 
polymyxin B (Leyer & Johnson, 1993). It is known that specific membrane 
proteins are regulated in response to low pH; for example, the ompC porin protein 
is induced (Thomas & Booth, 1992; Leyer & Johnston, 1993), while the ompF 
porin protein is repressed (Leyer & Johnston, 1993) in acidic conditions. 
The results of these experiments suggest that specific alterations in the cell 
surface may be involved in resistance to acid. Obviously, more research is required 
in this area both with acidophiles and the neutrophiles to establish the influence of 
pH on the lipid and protein components localised on the external surface of the cell. 
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1.7.2: Excretion of basic products to modify the external pH. 
Production of acidic and basic compounds from metabolic processes has 
been shown for a number of bacteria in response to the particular type of carbon 
substrate. In aerobic bacteria the complete oxidation of sugars leads to neutral end-
products; however, the situation where 02 supply is sufficient for complete 
oxidation is unusual and many aerobic bacteria produce acidic end-products from 
carbohydrate metabolism. In anaerobic bacteria fermentation of sugars usually leads 
to acidification through the excretion of organic acids. In contrast, the degradation 
of organic acids or amino-acids results in alkalinisation of the medium. For 
example, growth of E. coli on glucose decreases the external pH, while growth on 
succinate increases it. 
Metabolic pathways in some anaerobes may be pH influenced; some enteric 
bacteria decarboxylate amino acids (Gale & Epps, 1942) yielding amines or 
diamines with a pKa of approximately 10. E. coli contains two types of amino acid 
decarboxylases: the biosynthetic decarboxylases which are constitutively expressed, 
and the inducible biodegradative amino-acid decarboxylases. These latter are 
strongly induced in a rich medium at low pH and act to increase the surrounding pH 
by removing acidic carboxyl groups. Genes encoding proteins of this group that 
have been cloned and sequenced include adi ( encoding arginine decarboxylase, 
Stirn & Bennett, 1993), cadA (encoding lysine decarboxylase, Meng & Bennet, 
1992a; Meng & Bennet, 1992b), and speF (encoding ornithine decarboxylase, 
Kashiwagi et al., 1991). Since a fermentative mode of metabolism can generate 
enough acid to retard growth, it is not suprising that anaerobic conditions can 
stimulate induction of decarboxylases several-fold (Slonczewski, 1992). 
It has been suggested that these enzymes play a role in pH homeostasis by 
consuming protons and neutralising metabolic acidic by-products produced during 
carbohydrate fermentation (Stirn & Bennet, 1993). If these decarboxy lases are a 
necessary requirement for cell growth or survival in acidic conditions one might 
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expect their inactivation to compromise cell tolerance to low pH. Mutants deficient 
in arginine decarboxylase activity are not sensitive at pH 5.8 (Stirn & Bennet, 
1993). Whether they are more acid-sensitive than the wild-type at acidic values 
below this pH was not reported. Induction of decarboxylases under low external 
pH conditions may protect cells by removing acid from a protein rich medium 
(Slonczewski, 1992). However, such a mechanism might be a special adaptation to 
an environment rich in protein. Clearly, most bacteria do not live under these 
conditions and such a mechanism is unlikely to be a general one. The levels of 
amino acid decarboxylases are more responsive to low oxygen than they are to low 
pH. Accordingly, the cell must have mechanisms for dealing with proton stress in 
aerobic conditions. It is an open question as to whether or not these decarboxylases 
are actually necessary for enteric bacteria to maintain pHi control. 
1.7.3: Cytoplasmic buffering 
A limited amount of cytoplasmic acidification or alkalinisation can be offset 
by the cytoplasmic buffering capacity of an organism. Since the principal 
component of the cytoplasmic buffer is the NH2-groups of amino acid side chains 
(Booth, 1985), it is not surprising that the cytoplasmic buffering capacity of 
acidophiles is similar to that of neutrophiles. An unusually high buffering capacity 
has been observed in B. subtilis (Booth, 1985), but there is no evidence that this 
increases the pH range of the organism (Krulwich et al., 1985). It would be 
expected that continuous leakage of H+ into the cell could not be tolerated for long 
by a buffering system alone. 
1.7.4: Ion transport_ 
An actively regulating system for pH control would contain elements to both 
raise and lower the internal pH towards a desirable value. The establishment of a 
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proton flow across the bacterial membrane subsequently energises the membrane 
through an electrochemical gradient (~µH). This gradient is now known to drive a 
number of processes including active transport (Kaback, 1986), ATP synthesis in 
oxidative phosphorylation (Senior, 1988; 1990), photophosphorylation (Walker et 
al., 1990), flagellar rotation (Taylor, 1983), and many respiration coupled transport 
systems (Kashket & Wilson, 1974). The special nature of this electromotive force 
was termed the "proton-motive force" (PMF) by Mitchell (1961). The PMF 
consists of the electrical component, the membrane potential (~\j/) with the cell 
interior negatively charged, and the chemical component, a proton gradient (~pH) 
with the cell interior alkaline. For a cell to maintain pH homeostasis in acidic 
conditions it would be expected that a cell would contain a H+-pump to extrude 
protons from the internal compartment of the cell. Operating by itself the pump 
would create a large ~\j/ which would subsequently limit H+ extrusion. In the 
example provided by Booth (1985), it is calculated that approximately 4 x 104 
protons expelled from the cell would create a ~\j/ of 200 m V and a cytoplasmic pH 
shift of 0.001 units more alkaline! Consequently the movement of a vast number of 
protons is required to generate the required intracellular pH. Ion transport has now 
been established as a major means of compensating for the increase in ~'JI from the 
establishment of the ~pH in certain prokaryotes. The continued extrusion of 
protons occurs through the dissipation of the excessive ~\j/ via cation influx or 
anion efflux (Booth, 1985). 
Most ion transport models have centred on how cells actually acidify the 
cytoplasm (Fig. 1.3). However, there remains a scarcity of information on ion 
transport in cells to neutralise the cytoplasmic pH. It is postulated that Na+ 
transport acts to acidify the cytoplasm while K+ transport acts to raise the pHi to a 
more alkaline value (Booth & Kroll, 1983). However, one of the main arguments 
against the direct involvement of potassium extrusion in pH homeostasis is that the 
accumulation of this cation is regulated by the osmotic pressure of the medium 
(Booth, 1985). Moreover, mutations in the potassium transport systems do not 
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Figure 1.3. Figure removed due to copyright restrictions but can be accessed at 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC373043/pdf/
microrev00059-0007.pdf
result in failure of pH homeostasis and mutants do not show impaired growth at the 
expected pHe (Booth, 1985). The cation systems (including K+ transport) may 
play a fundamental role in the elevation of the pHi, but as yet the role of such 
systems is poorly defined and a more detailed analysis of the molecular aspects of 
cation transport remain to be determined. 
1.7.5: Proton translocation through ATPase (H+-ATPase) clusters. 
Many different adenosine triphosphatases (ATPases) operate in living cells 
(Pederson & Amzel, 1993). The "master system", or FoF1-type ATPase (F-type 
ATPase), synthesises ATP through oxidative or photosynthetic phosphorylation; 
hence the name ATP synthase (Senior, 1990). The ATP synthesised may, in turn, 
be used by the so-called "slave" ATPases which then perform cellular work. The so 
called "slave" ATPases include the V- and P- type ATPases (Pederson & Amzel, 
1993). 
The ion-translocating ATPases are divided into two categories; those that go 
through a phosphorylated intermediate and those that do not. The F and V-type 
belong to the latter category while the P-type belong to the former. 
1.7.5.1: F-type ATPases 
The F-type ATPases are located on the plasma membrane of both the 
aerobic and anaerobic prokaryotes (Downie et al., 1979). They catalyse the 
synthesis of ATP and are thought to be the only known class programmed for this 
special role. However, evidence is accumulating which suggests that bacteria 
devoid of F-type ATPase may synthesise ATP via a V-type ATPase (Inatomi, 1986; 
Konishi et al., 1987; Mukohata & Yoshida, 1987; Schobert & Lanyi, 1989). 
An H+ gradient is established by pumping protons out of the cell via 
· respiration. ATP synthesis occurs when H+ ions then flow into the cell through the 




using an incoming gradient of protons in aerobic bacteria, they serve to hydrolyse 
ATP and extrude protons in the anaerobic bacteria (Pedersen & Amzel, 1993). 
The gene cluster encoding the A TPase complex has been cloned and 
sequenced in a number of bacteria (Walker et al., 1984; Brusilow et al., 1989; 
Shibata et al., 1992) and is located on an operon which encodes at least eight 
polypeptides; three for the Fo component (a, X, ~) and five for the FI component 
(8, a, y, ~' £). 
There are now compelling reports which implicate proton extrusion through 
FoF1-ATPase pumps as an integral component of the ability of enterococci to 
counteract internal acidification (Kobayashi et al., 1982; Kobayashi, 1985; Bender 
et al., 1986; Shibata et al., 1992). At neutral or alkaline pHe the proton extrusion 
activity is negligible (Kobayashi, 1985). Synthesis of ATPase is stimulated by low 
cytoplasmic pH (Kobayashi et al., 1984) and this increase in ATPase protein is 
essential for maintaining neutral cytoplasmic pH in the enterococci (Kobayashi et 
al., 1986). It is not known whether the amount of mRNA for the H+-ATPase 
operon is increased at low pH or not (Shibata et al., 1992). The increased synthesis 
may result from an effect on transcription, translation or some other mechanism. 
Interestingly, Sturr & Marquis (1992) have compared the pH optimum of 
the F1Fo ATPase complexes from three oral lactic acid bacteria and have found that 
the pH activity profiles of these membrane-bound aggregates reflected the relative 
acid-tolerance of the organisms from which they were isolated. 
It thus appears that bacteria which do not have a respiratory chain use the 
F1Fo ATPase aggregate to extrude protons, coupled to ATP hydrolysis, to maintain 
neutral cytoplasmic pH (Shibata et al., 1992) in low pH conditions. Prokaryotes 
that contain a respiratory chain use it in association with the F1Fo ATPase to 
synthesise ATP. What mechanism then do bacteria use to extrude H+ in low pH 
aerobic conditions? Does substrate level phosphorylation produce enough ATP, or 
are the endogenous reserves sufficient, for survival such that the ATPase can be 
switched to pump protons out of the cell in aerobic conditions if the pH becomes 
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too acidic? If this were the case one might expect that ATPase deficient cells would 
become acid-sensitive. However, Brown et al. (1980) has found that a mutant of E. 
coli deficient in Mg2+-translocating ATPase activity was only 0.1 pH unit more 
acid-sensitive than the wild-type indicating that in E.coli the master ATPase is not 
an essential requirement for acid-tolerance in bacteria grown in aerobic conditions. 
Although unproven it is a possibility that these bacteria might utilise another 
ATPase (possibly a V- or P- type ATPase) to perform H+ extrusion in conditions 
of acidic stress. 
1.7.5.2: V-type ATPases 
V-type ATPases are best known as the proton-translocating ATPases which 
play an important role in the acidification of many different endomembrane-
bordered compartments (such as lysosomes, endosomes, vacuoles, Golgi cisternae, 
and secretory vesicles) of eukaryotic cells (Harvey, 1992). 
Functional V-type H+-translocating ATPases have been isolated not only 
from the eukaryotes, but also from the archaebacteria which do not appear to 
contain a functional F1Fo complex (Konishi et al., 1987; Denda et al., 1990; 
Konishi et al., 1990). The eubacterium Thermus thermophilus (Tsutsumi et al., 
1991) and E. hirae (Takase et al., 1993) contain V-type ATPases. The V-type 
ATPase of E. hirae functions to expel Na+ ions from the cytoplasm and 
subsequently plays an important role in ion circulation necessary for survival at 
alkaline pH. Although V-type ATPases could perhaps allow bacterial cells to 
survive in an extreme pH environment, there are no reports that they are involved 
low pH tolerance. 
1.7.5.3: P-type ATPases 
P-type ATPases go through a phosphorylated intermediate during their 
reaction cycle (Pederson & Amzel, 1993) and all are believed to use a similar 




ATPases belong to a single superfarnily which contains four major subfamilies 
depending on the cation specificity of the enzymes (Saier, 1994). Within this large 
cluster of proteins is a number of H+-translocating ATPases (Saier, 1994). There 
are no known reports of a bacterial P-type ATPase being involved in tolerance at 
low pH. However, a P-type ATPase has been implicated in the survival of 
Saccharomyces cerevisiae (Portillo & Mazon, 1985; Eraso & Gancedo, 1987) to 
low pH. The genes encoding these ATPases have not been sequenced. It would be 
of interest to investigate whether this is a specific mechanism used by these yeasts 
to tolerate low pH, or if similar P-type ATPases are involved in acid-tolerance in 
bacteria. 
1.8: SUMMARY 
It is known that bacteria possess genetic systems which enable them to 
respond rapidly to adverse conditions and survive (Gottesman, 1984). The genes 
involved in a stress response can be widely distributed on the chromosome under 
the control of a common regulatory mechanism (hence the term "regulon"). 
Examples of these multigene families include those involved in cold shock (Jones et 
al., 1987), heat shock (Morimoto et al., 1992; Hendrick & Hartl, 1993), oxidative 
stress (Christman et al., 1985; Farr & Kogoma, 1991), phosphate limitation 
(Wanner, 1983), and the SOS DNA repair system (Walker, 1984). Many regulons 
can constitute a stimulon - a group of systems which positively respond to a 
particular stress. It has been suggested that pH is part of a stimulon (Foster et al., 
1994). The term "modulon" has also been coined to denote an environmental 
stimulus to which bacterial cells respond by using positive and negative regulation. 
Foster et al. (1994) has suggested that pH response can also be placed into this 
category. It appears that pH is emerging as an important environmental signal 
regulating gene expression (Slonczewski, 1992; Olson, 1993). However, 
I 
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comparatively little is yet known about the genetic response system to perturbations 
in pHi or pHe, 
The mounting experimental evidence shows that the response mechanisms 
of bacteria to low pH involve a complex interplay of numerous factors. By far the 
greatest amount of work has centred on the basis of acid-tolerance in the enteric 
bacteria. Taxonomically, the Enterobacteriaceae is quite distinct from other bacterial 
families and there is a glaring lack of information on mechanisms for pH regulation 
in other prokaryotes. 
1.9: EFFECT OF LOW pH ON AGRICULTURAL 
PRODUCTIVITY. 
Legume crops and pastures have a direct commercial value and provide the 
single largest input from biological nitrogen fixation into agricultural production. 
The group of soil bacteria in the genera Rhizobium, Btadyrhizobium and 
Azorhizobium are characterised by their ability to successfully infect the roots of 
members of the plant family Leguminosae (Ditta, 1986). In this symbiotic 
relationship the prokaryote is able to fix atmospheric dinitrogen and convert it to a 
form which can be used by the plant. In this association, essentially all of the fixed 
nitrogen is available to the plant, whereas it is unusual for plants to utilise more than 
70 % of added nitrogenous fertiliser (Beringer, 1986). However, the induction of 
nitrogen-fixing nodules on legume roots, the quantity of nitrogen fixed, and the 
persistence of legume crops are influenced by a number of environmental factors. 
1. 9 .1: Soil acidification 
An area of mounting concern in agriculture is the problem of soil 
acidification. It has been estimated that acidic stress adversely influences plant 
productivity in 25 % of the world's agricultural soils (Munns, 1986). The 
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productive output from these types of soils is progressively deteriorating since the 
rate of acidification in certain areas is not static but rather on the increase. Recently, 
Helyar (1987) described the rate of acidification in cropping systems in south-
eastern Australia is varying from zero to five kmoles H+.ha-1.yr-1. The rate of 
acidification varied between different areas and was dependant on plant productivity 
and the amount of rainfall. In Western Australia alone (Howieson et al., 1988) there 
are approximately 4 x 1Q6 ha of moderately acidic soils (pH 4.5-6.5; 1:5 0.01 M 
CaCb). The productivity of pastures on these soils depends on the establishment of 
an effective nitrogen-fixing symbiosis between the legume and its particular 
bacterial microsymbiont. 
1.9.2: Effect of low pH on the Rhizobium-legume symbiosis. 
The growth and survival of Rhizabium (Graham & Parker, 1964) and the 
nodulation process (Munns, 1968; Penny et al., 1977) can be inhibited by low pH. 
Richardson et al. (1988a) have shown that one of the very early steps in the 
bacterial-plant signal recognition process can be influenced by pH. These authors 
demonstrated that nod gene induction activity of clover root exudates from 
seedlings was reduced at low pH, while the presence of Ca in the plant growth 
medium resulted in increased activity at a range of pH. It was therefore proposed 
that the hydrogen ion and Ca concentration modulated the net activity of nod 
inducing flavones present in root exudates which, in turn, contributed to the acid-
sensitivity of nodule formation. In addition, the induction of nodA, nodF, and 
region II nodulation genes in R. trifolii in the presence of 7, 4'-dihydroxyflavone 
was adversely affected at pH<5.7 and was extremely poor at pH 4.8 (Richardson et 
al., 1988b). 
Soil acidity may significantly reduce the productivity of a leguminous crop 
due to the acid sensitivity of the prokaryotic symbiont (Robson & Loneragan, 
1970a; Munns, 1986). The lowest acidic value which allows growth and survival 
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of R. meliloti is higher than that at which inhibition of the nodulation process can be 
observed. It is therefore the declining numbers of R. meliloti in soils which have a 
pH value below 6 (Rice et al., 1977) which severely restricts the establishment of 
medic pastures (Rice, 1982; Howieson & Ewing, 1986). Furthermore, the use of 
higher inoculum levels increased the percentage nodulation in mildly acidic soils 
(Robson & Loneragan, 1970a). It is the pH sensitivity of the rhizobial symbiont 
which makes the R. meliloti -Medicago particularly sensitive to low pH, since 
annual medics grow well with the application of nitrogenous fertiliser (Robson & 
Loneragan, 1970a; 1970b). The rhizobia must be able to survive and persist in 
acidic soils independently of their plant host in order for such an annual legume to 
persist. 
1.9.3: Variation in pH tolerance of the root nodule bacteria. 
The affect of soil acidity on neutrophiles such as root nodule bacteria has 
not been extensively studied. One of the pre-requisites to understanding the 
physiological and genetic basis for the behaviour of particular strains in acidic soils 
is information on the response of these bacteria to acidity alone. It is known that 
different species of root nodule bacteria vary significantly in their response to low 
pH (Barnet, 1991). In general, the fast-growing rhizobia are considered to be more 
sensitive to acidity than the slow-growing bradyrhizobia (Graham, 1992). Amongst 
the fast-growing rhizobia, members of the R. leguminosarum group are generally 
only moderately acid tolerant (growth down to pH 4.0-4.5). Strains of type II bean 
rhizobia (now designated R. tropicii), show extreme acid-tolerance (growth down 
to 3.5-4.0), whereas R. meliloti is regarded as acid sensitive (growth only down to 
pH 5.5). R. meliloti appears to be the most acid-sensitive of all the species of root 
nodule bacteria. 
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1.9.4: Selection for acid-tolerant Rhizobium. 
The development of acid-tolerant strains of Rhizabium with enhanced 
capacity for survival, growth and nodulation at low pH may provide a means by 
which growth of legumes in acid soils can be improved. Consequently, attention 
has focused on trying to select more acid-tolerant strains of Rhizobium using 
laboratory culture. Although strains of many Rhizobium species (Lowendorf et al., 
1981; Cooper, 1982; Lowendorf & Alexander, 1983; Howieson et al., 1988; 
Vargas & Graham, 1988; Richardson & Simpson, 1989) show significant 
differences in tolerance to hydrogen ion concentration, the physiological and genetic 
basis for such strain differences in tolerance to low pH has yet to be determined. In 
addition, only a small percentage of isolates demonstrating increased acid-tolerance 
on laboratory media actually show improved performance under acid-soil 
conditions in the field (Graham et al., 1982; Howieson & Ewing, 1986; Howieson 
et al., 1988). At present there is still a general failure to find a correlation between 
laboratory acid-tolerance and field performance. 
The selection of acid-tolerant R. meliloti from the natural gene pool is one of 
the few successful examples to date of selection of inoculant strains tolerant of 
specific environmental stresses. The establishment of effective medic pastures on 
mildly acidic soils in Western Australia was hindered by the acid-sensitivity of the 
available inoculant strains of R. meliloti (Robson & Loneragan, 1970a). This 
problem was largely overcome by the isolation of acid-tolerant strains of R. meliloti 
like WSM419 and WSM540 from the southern Mediterranean region; they perform 
better in acidic soils than the traditional inoculant strains of R. meliloti such as U45 
(Howieson & Ewing, 1986; Howieson et al., 1988). Strains WSM419 and 
WSM540 have been used to establish medic pastures on over 400,000 hectares in 
Western Australia (Howieson et al., 1988). These soils had previously been unable 
to sustain significant levels of pasture legumes despite many attempts to establish 
Medicago species. This raises an obvious question about the underlying 
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physiological mechanisms which assist inoculant rhizobial strains to survive and 
colonise acidic soil environments. Unfortunately, little is known about the effect of 
acidic conditions on root nodule bacteria, or the genetic systems which may be 
involved in allowing cells to survive or grow under acidic conditions (Glenn & 
Dilworth, 1991). Rhizobia can affect the pHe as a result of the metabolism of 
sugars or organic acids or amino-acids (Glenn & Dilworth, 1991). However, little 
is known in rhizobia about any of the mechanisms proposed for pH regulation in 
enteric bacteria (such as amino acid decarboxylation reactions or proton pumping 
ATPases). 
1.9.5: The genetic basis of acid-tolerance in Rhizobium. 
1.9.5.1: Introductory: available approaches 
A number of approaches have been used to identify the genetic components 
that allow bacterial cells to survive in an acid environment. 
One method has been to monitor changes in gene expression using two-
dimensional gel electrophoresis. This technique has been exploited to monitor 
changes in polypeptide profiles which might be induced or repressed at low pH 
(Foster & Hall, 1990; Heyde & Portalier, 1990; Hickey & Hirshfield, 1990; 
Foster, 1991; Hassani et al., 1991). The disadvantages of this approach are that the 
genes specifying these proteins are not identified and protein function is hard to 
determine. 
Another approach is to use reporter gene fusions to study acid-inducible loci 
(Slonczewski et al., 1987; Watson et al., 1992). This technique can detect genes 
under the control of a promoter responsive to acidic pH by colorimetrically showing 
a pH-controlled difference in gene expression. One drawback is that it will exclude 
constitutively-expressed genes which might play a crucial role in pHi homeostasis. 
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An alternative to this approach is to mutate structural or regulatory genes 
involved in acid tolerance by means of a suitable genetic insertion (such as Tn5) and 
then select for mutants on the basis of an acid-sensitive phenotype. 
1.9.5.2: Tn5 mutagenesis 
Tn5 mutagenesis has been successfully used to construct four acid-sensitive 
mutants of R. meliloti (O'Hara et al., 1989). Although the wild-type strain 
WSM419 could maintain a near neutral cytoplasmic pH over a range of external pH 
values, the Tn5 induced acid-sensitive mutants could not. O'Hara et al. (1989) have 
shown a direct link between pHi control and acid-tolerance. Goss et al. (1990) have 
cloned and partially characterised the rhizobial sequences flanking Tn5 from all four 
of these mutants (Fig. 1.4). Southern hybridisation analysis demonstrated that one 
copy of Tn5 was present in each of the mutants. However, Tn5 has not been 
shown to be the direct cause of the mutation that created the acid-sensitive 
phenotype in three of the mutants (TG 1-6, TG2-6, TG5-46). To date, one wild-
type gene ( designated as act 111) has been shown to complement the site of the Tn5 
lesion in TGl-11 (Goss et al., 1990). The TG 1-11 strain containing either pTGE6 
or pTGE61 (Fig. 1.5) was able to maintain an internal alkaline pH when the 
external environment was acidic. In addition, defects in growth at acidic values 
were also corrected (Goss et al., 1990). Furthermore, the point of Tn5 insertion in 
the mutant TG 1-6 was located within 4.4 kb of the actl 11 gene (Fig. 1.5). 
Two acid-sensitive mutants of R. leguminosarum biovar trifolii have also 
been constructed using Tn5 mutagenesis (Chen et al., 1993b). Both mutants were 
unable to grow on media at a pH of less than 4.8 whereas the wild-type was able to 
grow at 4.5. Although the parent strain ANUl 173 maintained a near-neutral 
intracellular pH even when the external pH was lowered to pH 4.5, both of the 
mutants derived from ANUl 173 had an acidic intracellular pH when the external 
pH was less than 5.5. Measurements of proton influx and efflux suggested that the 
two acid-sensitive strains had an increased membrane permeability to protons but 
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Fig. 1.4. Restriction maps of kanamycin resistant DNAs cloned from acid-sensitive 
mutants of R. meliloti WSM419. Open and closed boxes represent Tn5 
and pUC18 sequences, respectively. 
Scale 1 cm = 1 kb 
Restriction enymes are as follows: B, BamHI; Bgl, BglIT; E, EcoRI; Hpa, 
Hpal; K, Kpnl; S, Sall; and Sm, Smal. 
From Goss et al. (1990). 
Figure 1.4. Figure removed due to copyright restrictions but can be accessed at 
http://jb.asm.org/content/172/9/5173.long
Fig. 1.5. Preliminary restriction maps of pE6 and subclones containing DNA from 
R. meliloti WSM419. Open and closed boxes represent pLAFR3 and 
pMMB33 sequences, respectively. Arrowheads indicate the positions of 
Tn5 insertions in pTG 1-6 and pTG 1-11. For pTGE6, pE6 was digested 
with Hpal and fragments were ligated into Hpal-cleaved, 
dephosphorylated pLAFR3. Plasmids conferring kanamycin and 
tetracycline resistance were isolated, and plasmid structure was confirmed 
by restriction analysis. For pTGE61, pTGE6 DNA was digested with 
Bglll and fragments were religated. Plasmids conferring kanamycin and 
tetracyline resistance were isolated, and plasmid structure was confirmed 
by restriction analysis. 
Scale 1 cm = 2 kb 
Restriction enzymes are as follows: B, BamHI; Bgl, Bglll; E, EcoRI; 
Hpa, Hpal; K, Kpnl; and Sau, Sau3AI. 
From Goss et al. (1990). 
Figure 1.5. Figure removed due to copyright restrictions but can be accessed at 
http://jb.asm.org/content/172/9/5173.long
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did not have altered proton extrusion activities compared to the parent. One copy of 
Tn5 was found in each of the mutants and the rhizobial DNA sequences flanking 
the site of Tn5 insertion were cloned. DNA probes derived from the flanking 
sequences were used to clone the wild-type DNA fragments. Transfer of these 
wild-type sequences into the corresponding acid-sensitive mutants restored the acid-
tolerant phenotype. One locus was found on a megaplasmid while the other was 
chromosomal (Chen et al., 1993a). 
Overall, our knowledge of the genetic mechanism of acid-tolerance in 
Rhizobium is still poorly understood. To date no attempt has been made to 
characterise genes involved in acid-tolerance in Rhizobium with respect to sequence 
analysis or to identify their type by comparison with DNA databases. 
1.10: RESEARCH AIM 
The aim of this project was to obtain a greater understanding of the basis of 
low pH tolerance in Rhizobium using a molecular approach. As part of a broad 
investigation into the physiology and genetics of the response to acidity in rhizobia, 
two species were chosen for further study; the Japanese isolate R. leguminosarum 
bv viceae WSM710 (which will grow at pH's as low as 4.5-4.8), and the more 
acid-sensitive Sardinian isolate R. meliloti WSM419 (which will grow at pH;;:: 
5.5). 
The relative difference in acid-tolerance between these two species provides 
an interesting opportunity to investigate the molecular basis of acid-tolerance in 
Rhizobium, to provide new insights into the mechanisms of acid-tolerance and to 
increase an understanding of them. 
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The aims of this work were outlined as follows: 
1. Construction of acid-sensitive mutants of R. meliloti and R. leguminosarum 
using Tn5 mutagenesis; 
2. Characterisation of these Tn5-induced acid-sensitive mutants with respect 
to: causation by Tn5, nodulation of a legume host, and survival or growth at 
neutral and low pH; 
3. Cloning of the rhizobial flanking sequences at the insertion of Tn5 and 
restriction mapping of these clones; 
4. Sequencing and analysis of the DNA flanking the site of Tn5 in acid-
sensitive mutants; 
5. Use of homology with recorded sequences in the DNA/protein databanks to 
gain an insight into gene function. 
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CHAPTER 2 
EFFECT OF pH AND CALCIUM ON WILD-TYPE AND TnS-
INDUCED ACID-SENSITIVE MUTANTS OF RHIZOBIUM. 
3 1 
2.1: INTRODUCTION 
The discovery of strains of Rhizabium, more acid-tolerant than the previous 
commercial Australian inoculants (Howieson et al., 1988) provided a good starting 
point to explore the mechanism of acid-tolerance in root-nodule bacteria. In order to 
obtain a broad understanding of the molecular basis of acid-tolerance in these 
bacteria, one of the first steps is to construct and characterise a number of acid-
sensitive mutants. 
Transposon mutagenesis has proved to be an effective and powerful tool 
which has facilitated the construction, as well as physical and genetic analysis, of 
bacterial mutants (Boucher et al., 1985). In particular, transposon Tn5 has been the 
most widely used element in the genetic exploration of Rhizabium (Beringer et al., 
1978; Meade et al., 1982; Selveraj & Iyer, 1983; Rostas et al., 1984; Selveraj et al., 
1987; O'Hara et al., 1989). 
The advantages of using Tn5 include: 1) relatively little insertional 
specificity of Tn5 such that mutations can be considered essentially random in the 
genome; 2) inactivation of a particular gene of interest by insertion and consequent 
'tagging' with antibiotic resistance; 3) Tn5 is normally present at one copy in a 
mutated cell; 4) mutations are easily detected since the restriction fragment pattern is 
altered due to the presence of the transposon; and 5) inactivated genes have a low 
reversion frequency. 
Transposon Tn5 has already been used successfully to construct a number 
of acid-sensitive strains of R. meliloti in this laboratory (O'Hara et al., 1989; Goss 
et al., 1990). Although work initially started with the study of strain WSM419, one 
of the first acid-tolerant strains of R. meliloti isolated from the southern 
Mediterranean region (Howieson & Ewing, 1986; Howieson et al., 1988), the 
study of the biology of acid-tolerance has now been extended to the more acid-
tolerant R. leguminosarum biovar viceae (WSM710). 
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This chapter describes the effect of pH and ca2+ on the survival of 
WSM419 and WSM710 and the subsequent construction and characterisation of 
Tn5-induced acid-sensitive mutants of R. meliloti WSM419 and R. leguminosarum 
WSM710. 
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2.2: MATERIALS AND METHODS 
2.2.1: Bacterial strains and plasmids. 
The bacterial strains and plasmids used are listed in Table 2.1. Storage of all 
strains used in this thesis was achieved by cryo-preserving at -80°C after the 
addition of 15 % glycerol. 
2.2.2: Growth conditions. 
Strains of Escherichia coli were grown at 37°C on 2YT (16 g tryptone, 10 g 
yeast extract and 5 g Na Cl r 1 ) or LB ( 10 g tryptone, 5 g yeast extract and 5 g Na Cl 
r1 ). Cultures of Rhizobium were grown at 28°C using TYC (5 g tryptone, 1 g 
yeast extract and 0.89 g CaCl2.2H2O r1) as a rich medium or JMM (O'Hara et al., 
1989) as a minimal medium containing 1 mM calcium (CaCl2.2H20) and 20 µM 
iron (supplied as FeSO4.7H2O), unless otherwise specified in the text. JMM 
medium was buffered with either MES (morpholinoethanesulphonic acid, pKa 6.1) 
used at 20 mM over the pH range 5.4 to 6.5 or HEPES (N-hydroxyethylpiperazine-
N'-2-ethanesulphonic acid, pKa 7.5) used at 40 mM at pH 7.0 and 8.0. 
Autoclaving JMM broth containing carbon and nitrogen at pH 8.0 caused a 
noticeable discolouration of the medium. Addition of separately filter-sterilised 
carbon and nitrogen sources circumvented this problem. When strains of R. 
leguminosarum were grown in JMM, it contained 10 mM glutamate and 10 mM 
NH4Cl in addition to the standard formulation. When appropriate, bacteriological 
agar was used at 1.5 % (w/v). A loopful of suspension from a single colony was 
used to inoculate 5 ml starter cultures used for physiological studies of batch 
cultures. Antibiotics were used at the following concentrations (µg m1- l ): ampicillin 
(100), chloramphenicol (50), and kanamycin (50). Filter-sterilised kanamycin was 
incorporated into media to grow starter cultures of Tn5-induced acid-sensitive 
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Table 2.1 
Bacterial strains and plasmids 
Strain or plasmid Characteristics Source or reference 
Strains 
Escherichia coli 
DH5a p- <p80dlacZM115 recAl endAl gyrA96 Bethesda 
thi-1 hsdRl 7 (rK-mK+) supE44 relAl Research 
deoR ~(lacZYA-argF)Vl69 Laboratory (1986) 
J53 p- proA metF NalR RifR G. W. O'Hara§ 
R. leguminosarum 
biovar viceae 
WSM710 AcidT strain from Vicia sp. in Japan J. G. Howieson t 
WRl-14 Tn5-induced acids mutant ofWSM710; KmR This study 
WR6-35 II II 
R. meliloti 
WSM419 AcidT isolate from Sardinia J. G. Howieson 
RT3-27 Tn5-induced acids mutant ofWSM419; KmR This study 
TGl-6 II Goss et al. ( 1990) 
TGl-11 II II 
TG2-6 II II 
TG5-46 II II 
CC169 Commercial inoculant from South Australia J. G. Howieson 
Rm1021 SU47 str-21 T. M. Finan+ 
U45 Commercial inoculant strain; ex Uraguay J. G. Howieson 
WSM232 Acids isolate from Iraq II 
WSM244 Acids isolate from Iraq II 
Plasmids 
pGS9 Tn5 delivery plasmid; KmR, cmR Selveraj & Iyer 
(1983) 
pTG5-46 Eco RI fragment containing Tn5 from Goss et al. ( 1990) 
TG5-46 cloned into EcoRI site of pUC18; 
AmpR,KmR 
pTn5-H pUC18 containing a 3.3 kb HindII piece of This study 
Tn5 cloned into the HindIII site of pUC18; 
AmpR,KmR 
§school of Biological and Environmental Sciences, Murdoch University, Western Australia 
twestern Australian Department of Agriculture. 
toepartment of Biology, McMaster University, Hamilton, Canada. 
Abbreviations: acid-sensitive (Acids) or acid-tolerant (AcidT) 
Resistance to ampicillin (AmpR), chloramphenicol (CmR), kanamycin (KmR), nalidixic acid (NalR), 
rifampcin (RifR). 
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mutants. Broth cultures of Rhizabium were incubated at 28°C on a gyratory shaker 
at 250 rpm in 500 ml Erlenmeyer flasks containing 1/5 their volume of appropriate 
JMM minimal medium. The OD600nm of growing cultures was measured using a 
Hitachi U-1100 spectrophotometer from duplicate flasks. The culture samples were 
diluted, if required, to ensure that the absorbance did not exceed 0.5. 
2.2.3: Measurement of pH. 
To measure pH a Ross Sure Flow pH combination electrode (Orion, model 
81-65) was used in conjunction with an Orion automatic temperature compensation 
probe on an expandable ion analyser (Orion model EA 940). 
2.2.4: Tn5 mutagenesis. 
Tn5 mutagenesis (Selveraj & Iyer, 1983) was used to isolate acid-sensitive 
mutants of Rhizabium. After the membrane filters were incubated overnight on 
TYC agar plates, they were placed into 10 ml of 0.89 % (w/v) saline, vortexed 
vigorously and 1, 10, and 100 µl aliquots plated onto JMM agar (pH 7 .0) 
containing kanamycin. 
2.2.5: Assessment of acid-sensitivity using a solid medium. 
Exconjugates were screened for acid-sensitivity as described by O'Hara et 
al. (1989). For the assessment of acid-sensitivity using a controlled inoculum of 
cells, approximately 104 cells were spotted onto JMM (Goss et al., 1990). For R. 
meliloti, a concentration of 2 mM CaC12 in JMM at pH 5.7 was used to screen for 
acid-sensitive mutants. R. leguminosarum exconjugates were screened for acid-
sensitivity by replica plating colonies first onto JMM (pH 7.0) and then onto JMM 
(pH 5.0). 
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2.2.6: Calcium concentration and pH sensitivity of R. meliloti 
WSM419. 
Strain WSM419 was inoculated into JMM (pH 6.5) and grown at 28°C for 
3 days. A sample of the culture (1 ml) was centrifuged (Beckman model E 
microcentrifuge at full speed for 30 s) and resuspended in 1 ml of saline (0.89 %, 
w/v). After serial dilution, samples (100 µl) containing approximately 150 cfu were 
spread onto duplicate JMM plates at different pH values containing 1 µM iron and 
different concentrations of calcium. 
2.2.7: Growth in broth culture at pH 7.0. 
Wild-type strains and Tn5-induced mutants were inoculated into 50 ml of 
JMM broth at pH 7.0 and grown to late exponential phase (OD6oOnm of 
approximately 0.8). Kanamycin was added to JMM for the acid-sensitive mutants. 
The cells were centrifuged for 10 min at 11, 950 g, washed in JMM broth at the 
same pH and resuspended in 5 ml of JMM (pH 7.0) lacking kanamycin. Samples 
were used to inoculate duplicate flasks containing 100 ml of JMM (pH 7.0) to an 
OD6oOnm of 0.05. Each culture was placed in a gyratory water bath shaker (New 
Brunswick Scientific Co., USA) with the shaking platform set at 200 rpm. Optical 
density was monitored by measuring the absorbance of one ml samples at 600 nm 
in a Hitachi (model UV-1100) spectrophotometer with a Flow-thru Cell. The 
absorbance was measured in duplicate every two hours over a seven hour period. 
2.2.8: Growth of R. meliloti WSM419 in broth culture at acidic pH. 
Starter cultures of R. meliloti WSM419 were grown in JMM medium (1 µM 
iron and either 0.3, 1 or 3 mM CaCl2) buffered at pH 6.5 for three days. They 
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were centrifuged at 11, 950 g for 10 min, washed and resuspended in medium of 
the same pH. JMM (100 ml) broths at pH 6.5, 6.0, 5.8, 5.7, 5.6 and 5.5 
containing 1 µMiron and either 0.3, 1, 3 or 10 mM CaCl2 were inoculated to give 
an OD600nm of 0.05. Growth was monitored as previously described in section 
2.2.7. 
2.2.9: Viable cell count of strain WSM419 in broth culture at pH 
5.6. 
Starter cultures of R. meliloti WSM419 were grown in JMM medium 
buffered at pH 6.5 for three days. They were centrifuged at 11,950 g for 10 min, 
and the cells resuspended in an equal volume of 0.85 % (w/v) saline. A 10 µI 
aliquot was placed into 990 µl of saline in an Eppendorf tube, mixed well and 50 µl 
was incorporated into 50 ml of JMM (pH 5.6) to provide an initial cell density of 
between 103 to 104 cells ml-1. Flasks were incubated on a gyratory shaker set at 
250 rpm and periodically sampled for the determination of viable cells by plate 
count on JMM medium at pH 7 .0. 
2.2.10: Nodulation tests 
Medicago polymorpha or Pisum sativum (Wirrega field pea) seeds (Western 
Australian Agriculture Department) were surface sterilised with 0.2 % (w/v) HgCI2 
for 3-5 min and washed five times with sterile deionised water. The seeds were 
germinated on TYC agar prior to sowing in local yellow sand (Jandakot) which had 
been steam treated twice at 90°C for 90 min. Immediately after planting, germinated 
seeds of M. polymorpha or P. sativum were inoculated with a R. meliloti strain or a 
R. leguminosarum strain, respectively. During the growth period, the plants were 
watered to 50 % capacity with sterile nutrient solution (Broughton & Dilworth, 
1971). 
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2.2.11: Effect of pH and calcium on different strains of R. meliloti. 
Strains of R. meliloti were grown in JMM broth (pH 6.5) for 3 days. 
Aliquots (1 ml) were centrifuged (full speed in a Beckman model E microcentrifuge 
for 30 s) and resuspended in physiological saline to give a final OD6oOnm of 1.0. 
Serial dilutions were prepared in saline and samples containing approximately 104 
cells were spotted onto JMM plates containing 1 µM iron and incubated for 7 days 
at 28°c. 
2.2.12: Substitution of calcium with magnesium or strontium. 
Starter cultures ofWSM419 were grown in JMM (pH 6.5) with 0.3 rnM 
calcium for 4 days and then diluted 1 :50 in JMM broth (pH 6.0) containing 
different concentrations of calcium or strontium (SrCI2.6H20) or magnesium 
(MgCl2.6H20). These cultures were grown to an OD6oOnm of 0.5 and then 
centrifuged (11, 950 g for 10 min) and resuspended in identical media to give an 
initial OD60onm of 0.025. Growth was then monitored. 
2.2.13: DNA preparation and manipulation. 
Plasmid DNA was extracted using the alkaline lysis technique and purified 
using CsCI-ethidium bromide isopycnic centrifugation (Sambrook et al., 1989). 
Genomic DNA was isolated from 50 ml cultures grown in TYC or LB medium 
using a procedure modified from that of Goss et al. (1990). After centrifuging the 
bacterial culture, the pellet was washed with TES buffer (30 rnM Tris.HCl [pH 
8.0], 5 mM EDTA, 50 rnM NaCl) and resuspended in 10 ml of TES buffer. An 
aliquot of 200 µl of lysozyme solution (25 mg ml-1 in TES) was added and the 
mixture was incubated at 37°C for 20 min. An aliquot (1.2 ml) of 10 % SDS and 
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2.6 ml of proteinase K (2 mg rn1- l in TES) were added and the mixture incubated at 
45°c for 2 h. The DNA was subsequently purified by extracting twice with 
phenol:chloroform:isoamyl alcohol (24:23:1) and once with chloroform:isoamyl 
alcohol. After the last extraction, the aqueous phase was dialysed against TE 10.01 
(10 mM Tris.HCI [pH 8.0], 0.1 mM EDTA) at room temperature overnight. The 
buffer was changed 5 times at 4°C over a 3 day period. 
DNA concentration and the purity (OD260nm/OD280nm) were quantified 
on a Beckman DU® -64 Spectrophotometer using the Beckman Nucleic Acid Soft-
Pac™ Module. All other DNA manipulation techniques were performed as 
described by Sambrook et al. (1989). 
2.2.14: Hybridisation analysis. 
2.2.14.1: Construction of the Tn5 probe. 
The plasmid pTn5-H was cleaved with HindITI and the 3.3 kb Tn5 fragment 
was purified from the vector DNA by electrophoresis on a 1.0 % agarose gel run in 
lxTAE (Tris, acetate, EDTA; pH 8.0). The band was then excised and transferred 
into a 0.4 % SeaPlaque GTG agarose gel (FMC Corporation). The 3.3 kb fragment 
was recovered using GELase (Epicentre Technologies) and ethanol precipitation. 
Resuspended DNA was labelled overnight with digoxigenin-11-dUTP (Boehringer 
Mannheim) as described by the manufacturer. 
2.2.14.2: Southern transfer. 
Samples of genomic DNA (1 µg) digested to completion with EcoRI were 
electrophoresed on a 0.7 % agarose gel in lx TAE. DNA was transferred from an 
agarose gel to a sheet of positively charged nylon (Boehringer, Mannheim) as 
described by Sambrook et al. (1989). The gel was placed onto the wick with the 
wells facing down to facilitate transfer of the DNA to the filter. Transfer was 
allowed to proceed overnight and the DNA was then UV crosslinked to the 
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membrane using the C-L program on a Biorad GS Gene Linker. The filter was 
placed between two sheets of 3MM chromatographic paper which were then 
wrapped in aluminium foil and stored under vacuum until needed. 
2.2.14.3: Prehybridisation treatment, hybridisation conditions and washing. 
Membranes were prehybridised for 2 hat 42°C in hybridisation bags (BRL) 
containing 50 % formamide, 0.1 % (w/v) N-lauroylsarcosine, 0.02 % (w/v) SDS 
and 2 % (w/v) blocking reagent. This prehybridisation fluid was then removed and 
hybridisation fluid (same as prehybridisation buffer) containing freshly denatured 
dig-labelled probe (95°C for 10 min followed by an ice quench) was added to the 
bag. Membranes were incubated overnight with agitation at a temperature of 42°C. 
After hybridisation, membranes were washed twice with 2 x SSC (0.3 M NaCl, 
0.03 M sodium citrate; pH 7 .0), 0.1 % SDS for 5 min at room temperature 
followed by 2 high stringency washes in 0.1 x SSC, 0.1 % SDS at 65°C. 
2.2.14.4: Probe detection. 
A digoxigenin DNA-detection kit (Boehringer Mannheim) containing the 
chemiluminescent substrate AMPPD (Boehringer Mannheim) was used to detect the 




2.3.1: Physiological basis of acid-tolerance in Rhizobium. 
2.3.1.1: The effect of pH on the growth rate of strain WSM419. 
The growth rate of R. meliloti WSM419 in batch culture in JMM broth at 
different pH values decreased with increasing acidity. At pH 7 the mean generation 
time was 4.1 h and increased to 6 h at pH 6.5, 11.5 h at pH 6.0 and 21.5 h at pH 
5.8. At pH 5.6, there was a very slow increase in the optical density of the culture, 
but this was never exponential. Viable counts of cultures initially at 104 cells m1-1 
showed clearly that although WSM419 lost viability in JMM at pH 5.6 (over 120 h 
the viable cell count declined over a thousand-fold), cells survived and grew at pH 
5.7. 
2.3.1.2: The effect of calcium on the growth of WSM419. 
Previous work with WSM419 (O'Hara et al., 1989) suggested that this 
strain has a relatively high requirement for calcium for optimal growth. The 
interaction of calcium concentration and pH on the growth rate of WSM419 was 
therefore measured in JMM medium. At pH 7 there was an increase in the growth 
rate as the calcium concentration was raised. Mean generation times of WSM419 
growing at pH 7 in JMM containing 20 µMiron and either 0.03, 0.3, or 3.0 mM 
added calcium were 5.5, 4.7, or 4.0 h, respectively. A calcium effect was even 
observed at alkaline pH. At pH 8.0, the mean generation times were 4.7, 4.0 or 3.7 
h for growth in JMM containing 0.03, 0.3 or 3.0 mM added calcium, respectively. 
In JMM broth containing 1 mM calcium WSM419 grew faster at pH 7.0 in 
the presence of 20 µMiron (mean generation time 4.1 h) than 1 µMiron (mean 
generation time 6.2 h). However, at pH 5.6 (with 1 mM calcium) WSM419 grew 
in the presence of 1 µM iron, but not in media containing 20 µM iron. 
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The effect of the calcium concentration on cells grown in JMM containing 1 
µM iron in acidic conditions was even more marked than it had been at pH 7 .0 
(Table 2.2; Fig. 2.1). There were two major effects. Firstly, the growth rate was 
markedly stimulated by the presence of increasing concentrations of calcium; for 
example, at pH 5.8 in JMM containing 0.3 mM calcium, the mean generation time 
of WSM419 was 43 h, whereas at 3 mM calcium it was 12 h (Fig. 2.1 ). The 
second was that at high concentrations of calcium, strain WSM419 was able to 
grow at even lower pH. While WSM419 did not grow at pH 5.6 at 0.3 mM 
calcium, it could grow at pH 5.4, albeit very slowly, if 3.0 mM or more ca2+ were 
added (Table 2.2). The final optical density achieved by WSM419 varied as a 
function of pH if the calcium ion concentration was 1 mM or less; at 3 mM calcium 
there was no significant difference in optical density at different pH values, though 
the time taken to achieve the final optical density varied. It was noticeable in all 
these experiments (see Fig. 2.1) that at the margin of pH for growth, small changes 
in pH had profound effects on the growth rate, and even on whether the cells grew 
or not. 
These experiments on growth rate used increasing concentrations of CaC12. 
It was conceivable that these effects were due to the anion, rather than the divalent 
cation. Cultures were therefore grown with Ca(NO3)i; the mean generation times 
were identical for cultures grown in CaC12 and Ca(NO3)i, and showed clearly that 
the observed effect was due to the calcium. The addition of increasing 
concentrations of Mg2+ and Sr2+ to JMM containing 0.3 mM Ca2+ did not result in 
the significant growth stimulation observed with 3 mM calcium. Magnesium at 0.3, 
1.0 or 3.0 mM at pH 6.0 caused no significant increase in the growth rate. In 
contrast, although 0.3 mM strontium had no effect on growth (mean generation 
time 16 h), the addition of 3 mM Sr2+ did decrease the mean generation time to 12 











The effect of pH and calcium on mean generation times of WSM419. 
Mean generation time (h) t 
Calcium concentration (mM) 
0.3 1.0 3.0 5.0 10.0 
7.1 6.2 5.6 ND ND 
9.0 7.2 6.0 ND ND 
16.0 12.0 8.0 ND ND 
43.0 20.0 12.0 ND ND 
- 52.0 27.0 ND 19.0 
- ND 28.0 ND ND 
- ND 47.0 38.0 31.0 
t determined from cells grown in JMM containing 1 µM iron at different pH 
and concentrations of calcium 
ND = not determined 
= no growth 
Values given are the average of duplicates which have a standard deviation 










5.5 6.0 6.5 7.0 
pH 
Fig. 2.1. The effect of pH and calcium on the mean generation times (MGT) 
of Rhizobium meliloti WSM 419 growing in JMM minimal medium 
at different pH containing 1 µM Fe and either 0.3 mM calcium 
( -0- ), 1 mM calcium ( • ), or 3 mM calcium 
( -0- ). 
2.3.1.3: pH and cell growth. 
To test the effect of calcium on the growth ofWSM419 late-exponential 
phase cells grown on 1 mM calcium at pH 6.5 were diluted in saline and plated onto 
JMM (containing 1 µMiron) of different pH and calcium concentration (Fig. 2.2). 
If the calcium concentration in JMM was 0.05 mM or less, strain WSM419 was 
unable to grow when plated on JMM medium at a pH below 5.8. With increasing 
concentrations of calcium WSM419 grew under progressively more acidic 
conditions. This was most marked at 50 mM CaC12, at which concentration all the 
plated cells grew even at pH 5.5 (Fig. 2.2). It was notable in these agar plate 
experiments, as it was in the broth cultures, that small decreases in pH (0.1-0.2 
unit), near the pH limit for survival, resulted in considerable changes in the number 
of cells that grew. 
2.3.1.4: The effect of calcium on the growth of other strains of R. meliloti. 
The question of whether the response of WSM419 to calcium is unique to 
this strain, or typical of other strains of R. meliloti, was investigated by growing a 
range of strains, from different geographical regions, under varying conditions of 
pH and calcium on agar plates and recording growth over time (Table 2.3). At pH 7 
and 6 it was not possible to see any significant differences in the behaviour of the 
strains at the various concentrations of calcium. However, at pH 5.8 and below, it 
was clear that the calcium concentration significantly influenced the capacity of 
WSM419, WSM540, WSM232, WSM244 and CC169 to grow (Table 2.3). On the 
JMM plates containing 50 mM calcium at pH 5.5, WSM419 grew relatively rapidly 
(within 4 days), whereas with 3 mM calcium the growth was very slow and there 
was only poor growth after 7 days; after 12-14 days the growth on the plates was 
substantial. Strain Rm1021 showed a response to calcium at pH 5.6 and pH 5.5. 
Although U45 did not appear to show a marked response to calcium after 7 days at 
any pH tested, it was clear that the growth rate of this strain was affected by the 


































5.4 5.6 5.8 6.0 6.2 6.4 
pH 
I 
6.6 6.8 7.0 
Fig. 2.2. The effect of calcium concentration and pH on cells of Rhizobium 
meliloti WSM419. Cells of WSM 419 grown initially at pH 6.5 were 
diluted in saline (0.89%, w/v) and approximately 150 cfu plated onto 
duplicate JMM plates at different pH values containing 0 mM calcium 
( - 0- -), 0.3 mM calcium (·····--···A.········), 1 mM calcium (-Q- ), 
3 mM calcium (-·-fr·-), or 50 mM calcium(---•----). 
----~ ----- ------- ------~--
Table 2.3 








cc Rm U45 WSM WSM WSM WSM 
Strain 169 1021 232 244 419 
Ca 
(mM) 
0 +++ +++ +++ +++ +++ +++ 
0.3 +++ +++ +++ +++ +++ +++ 
1.0 +++ +++ +++ +++ +++ +++ 
3.0 +++ +++ +++ +++ +++ +++ 
5.0 +++ +++ +++ +++ +++ +++ 
50 +++ +++ +++ +++ +++ +++ 
0 ++ +++ +++ +++ +++ +++ 
0.3 ++ +++ +++ +++ +++ +++ 
1.0 ++ +++ +++ +++ +++ +++ 
3.0 ++ +++ +++ +++ +++ +++ 
5.0 ++ ++ ++ +++ +++ +++ 
50 ++ ++ ++ +++ +++ +++ 
0 - +++ +++ + + + 
0.3 + +++ +++ ++ ++ ++ 
1.0 ++ +++ +++ +++ +++ +++ 
3.0 ++ +++ +++ +++ +++ +++ 
5.0 ++ ++ ++ +++ +++ +++ 
50 +++ +++ +++ +++ +++ +++ 
0 - ++ +++ - - -
0.3 - +++ +++ - + + 
1.0 + +++ +++ - ++ ++ 
3.0 ++ +++ +++ ++ +++ +++ 
5.0 ++ +++ +++ +++ +++ +++ 
50 +++ +++ +++ +++ +++ +++ 
0 - + ++ - - -
0.3 - + +++ - - -
1.0 - +++ +++ - + + 
3.0 + +++ +++ + ++ ++ 
5.0 ++ +++ +++ ++ +++ +++ 
50 +++ +++ +++ +++ +++ +++ 
0 - + ++ - - -
0.3 - + +++ - - -
1.0 - + +++ - - -
3.0 - +++ +++ - + + 
5.0 + +++ +++ + + + 
50 +++ +++ +++ +++ +++ +++ 
t Cells of R. meliloti were incubated for 7 days on agar plates of JMM 
containing 1 µM iron. 
no growth 
+ poor growth 
++ intermediate growth 






































mM calcium growth was poor, but was good on media containing 3 mM calcium. 
The calcium effect thus appears to be a feature of all strains of R. meliloti. 
2.3.1.5: Effect of pH and calcium on R. leguminosarum WSM710. 
The lower limit for growth of R. leguminosarum WSM710 occurs at pH 
4.9 on JMM minimal medium containing 1 mM calcium. However, by increasing 
the concentration of calcium up to 30 mM, strain WSM710 was able to grow on 
JMM plates as low as pH 4.7. In this way, both R. leguminosarum biovar viceae 
and R. meliloti respond to an increase in the calcium concentration at low pH. In 
addition, R. leguminosarum appeared to tolerate at least 0.7 pH unit lower than R. 
meliloti on JMM minimal medium containing 1 mM Ca2+. 
2.3.2: Construction of acid-sensitive mutants of Rhizobium. 
Transposon Tn5 has previously been used to successfully create acid-
sensitive mutants of R. meliloti WSM419 (O'Hara et al., 1989). Tn5 mutagenesis 
was therefore chosen as the method to construct another Tn5-induced acid-sensitive 
mutant of R. meliloti WSM419 (RT3-27) and two of R. leguminosarum WSM710 
(WRl-14 and WR6-35). 
These mutants were tested for resistance to chloramphenicol to ascertain if 
there was a possibility that the "suicide" vector (or at least the part carrying the gene 
encoding chloramphenicol resistance) had integrated into the genome along with 
Tn5. R. leguminosarum WSM710 and its mutants were both sensitive to 
chloramphenicol. This test could not be used on mutants of R. meliloti since 
WSM419 is resistant to chloramphenicol. 
The acid-sensitive TG strains of R. meliloti grow as well as the wild-type at 
pH 7 (Goss et al., 1990). Strain RT3-27 had the same mean generation time (MGT) 
as the parent at pH 7. In comparison to growth studies of R. meliloti, starter 
cultures of R. leguminosarum mutants were grown in the presence of the antibiotic 
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kanamycin. Strain WRl-14 had a MGT ( 4.2 h) which was a little slower than 
WSM710 (3.2 h). Strain WR6-35 also showed a slightly longer MGT (3.7 h) than 
the wild-type. Other kanamycin-resistant exconjugants that were acid-tolerant also 
had longer MGT's (3.7-4.2 h) indicating that cells containing Tn5 had an increased 
metabolic load and that the longer MGT's were not a result of mutations in genes 
required for acid-tolerance per se. 
All of the mutants induced effective nodules on their respective legume 
hosts. 
2.3.3: Determination of Tn5 copy number. 
The number of copies and the site of insertion of Tn5 in each of the mutants 
was investigated using Southern hybridisation. The 3.3 kb central fragment of Tn5 
was cut from pTG5-46 and cloned into the HindlII site of pUC18 to create pTn5H. 
The Tn5 insert was then isolated from pUC18 and labelled with digoxigenin and 
used as a probe for Tn5. For each mutant there was only one site where Tn5 
inserted into the genome. The respective sizes of the Eco RI fragments containing 
Tn5, as determined from the hybridisation data, were approximately 9.5, 13, 9.5, 
11.5, and 17 
kb for RT3-27, TG2-6, TGS-46, WRl-14, and WR6-35 respectively. 
2.3.4: Physiological characteristics of the Tn5-induced acid-sensitive 
mutants. 
2.3.4.1: pH sensitivity profile of Tn5-induced mutants 
The pH sensitivity profiles of the Tn5-induced mutants RT3-27, TG 1-6, 
TGl-11, TG2-6, TGS-46, WRl-14 and WR6-35 were compared to their respective 
wild-types on JMM medium containing 20 µMiron and 1 mM ca2+ (Table 2.4). 
Each of the mutants showed a different sensitivity pattern as the pH became 
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Table 2.4 
Effect of pH on Tn5-induced acid-sensitive mutants of WSM419 
&WSM710. 
Strain Rhizobium meliloti Rhizobium 
leguminosarum bv 
viceae 
WSM RT TG TG TG TG WSM WR 
419 3-27 1-6 1-11 2-6 5-46 710 1-14 
pH 
7.0 +++ +++ +++ +++ +++ +++ +++ +++ 
6.0 +++ +++ +++ +++ - +++ +++ +++ 
5.8 +++ - ++ +++ - - +++ ++ 
5.7 ++ - - + - - +++ ++ 
5.6 - - - - - - +++ + 







The effect of pH on cells was assessed on JMM media containing 
20 µM Fe and 1 mM Ca2+. 
no growth 
+ poor growth 
++ intermediate growth 















progressively more acidic. The R. meliloti mutants RT3-27, TG2-6, and TG5-46 
could only grow above pH 6, TGl-6 could only grow at pH 5.8 and the least acid-
sensitive mutant, TG 1-11, could grow at pH 5. 7, *albeit weakly. Wild-type R. 
leguminosarum WSM710 can survive down to pH 4.9, whereas the acid-sensitive 
mutants WRl-14 and WR6-35 could only grow above pH 5.4 and 4.9, 
respectively. 
2.3.4.2: The effect of calcium on acid-sensitive mutants. 
In view of the data on the effect of calcium on the R. meliloti WSM419, it 
was of interest to examine the response of various Tn5-induced acid-sensitive 
mutants. There was some response to calcium in all the mutants of R. meliloti, 
though its extent varied (Table 2.5). Strains TG 1-6 and TG 1-11 could grow at pH 
5.6 at 5 mM calcium, whereas TG5-46 and TG2-6, which are more acid sensitive, 
required 50 mM calcium to grow at pH 5.6. Although strain RT3-27 showed some 
evidence of calcium-induced growth at pH 5.8, and a weak response at pH 5.7, it 
was unable to grow at pH 5.6 and 5.5 even if the calcium concentration was 
increased to 50 mM. 
R. leguminosarum WSM710 was able to grow at pH 4.7 if the 
concentration of ca2+ in the medium was increased to 30 mM. Although the mutant 
WRl-14 remained acid-sensitive below pH 4.9 regardless of the external calcium 
concentration, the mutant WR6-35 displayed an acid-tolerant phenotype similar to 










Effect of calcium and pH on Tn5-induced acid-sensitive mutants 
of R. meliloti WSM419. 




0 +++ +++ 
0.3 +++ +++ 
3.0 +++ +++ 
5.0 +++ +++ 
50 +++ +++ 
0 +++ ++ 
0.3 +++ ++ 
3.0 +++ +++ 
5.0 +++ +++ 
50 +++ +++ 
0 + -
0.3 ++ -
3.0 +++ ++ 
5.0 +++ +++ 




5.0 +++ + 












+ poor growth 
++ intermediate growth 
+++ good growth 
TG TG TG TG 
1-6 1-11 2-6 5-46 
+++ +++ +++ +++ 
+++ +++ +++ +++ 
+++ +++ +++ +++ 
+++ +++ +++ +++ 
+++ +++ +++ +++ 
++ +++ - + 
++ +++ - ++ 
+++ +++ ++ +++ 
+++ +++ +++ +++ 
+++ +++ +++ +++ 
- - - -
+ + - -
++ +++ + ++ 
+++ +++ ++ +++ 
+++ +++ +++ +++ 
- - - -
- - - -
++ +++ - -
++ +++ + + 
+++ +++ +++ +++ 
- - - -
- - - -
- ++ - -
++ +++ - -
+++ +++ +++ ++ 
- - - -
- - - -
- - - -
- + - -
+++ +++ ++ + 
2.4: DISCUSSION 
The data reported in this Chapter raise a number of issues relevant to the 
effect of acidity on root nodule bacteria. 
For R. meliloti there is a very narrow window between the pH at which the 
rhizobia can grow, and the pH at which they fail to grow. Although this has not 
been tested for R. leguminosarum on laboratory media, this dramatic loss in 
viability over a small pH difference (near the pH limit for survival) has been 
observed in field trials using R. leguminosarum (Jeff Evans, pers. comm.). This 
raises important questions about the need for accurate pH measurement and control. 
When rhizobia catabolise a sugar during growth the pH can fall significantly, 
whereas growth on an organic acid or amino acid can result in alkalinization of the 
medium (Glenn & Dilworth, 1991). If physiological studies are being carried out 
at, or near, the transition zone, metabolically-induced pH changes could be crucial 
if the buffering capacity of the medium is inadequate, or a buffer is being used at 
one pH unit higher or lower than its pKa (McKenzie and Dawson, 1969). Such 
data point out the need for very precise control of the external pH in studies on the 
effect of acidity on root nodule bacteria. The narrow transition zone of pH between 
growth of all cells and the failure of cells to grow may account for the apparent 
discrepancy between the reports of O'Hara et al. (1989) and Goss et al. (1990) that 
WSM419 grew at pH 5.6 in low calcium and the data reported here. For R. meliloti 
strains, the use of MES buffer is convenient since a medium can be buffered down 
to pH 5.5. In addition, this buffer is not metabolised by strains of R. meliloti 
(Howieson, 1985). However, below pH 5.5, the number of substances with 
suitable pKa values which are not metabolised during growth is limited. An 
adequate buffering system is also needed to prevent an alkaline shift in the pH of 
the medium. Poole et al. (1987) has shown that R. leguminosarum preferentially 
uses NH4Cl rather than glutamate; consequently glutamate can be used as a buffer 
(pKa 4.28). 
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Calcium ions have a marked effect on the growth of R. meliloti at acidic pH 
and to a lesser extent under alkaline .::onditions. Howieson et al. (1992) have also 
reported that calcium affects the growth of some strains of R. meliloti, under acidic 
conditions though they did not examine effects at alkaline pH. In addition to 
affecting the growth rate, calcium ions also influence the final cell density under 
acidic conditions. In the study by Howieson et al. (1992) the final cell density 
achieved by R. meliloti WSM540 and CC169 varied with both pH and ca2+ 
concentration. 
It is not clear what effect the calcium has on Rhizobium, reflecting the 
cun-ent uncertainty about the roles of calcium in bacterial physiology and nutrition 
(Norris et al., 1991). While calcium affects the rhizobial cell wall (Bergersen, 1961; 
Vincent, 1962; De Maagd et al., 1992), it may also have effects on membrane 
systems involved in the export of protons from the cytoplasm (O'Hara et al., 
1989). 
The data presented in this chapter and that from other studies (Howieson et 
al., 1992), have shown an interaction between pH and calcium and the growth of 
all strains of R. meliloti on laborat01y media. If there is such an interaction in the 
field, the calcium concentration may be a factor in the survival of R. meliloti in 
acidic soil. Although acidic soils usually have low calcium concentrations (Russell, 
1973), it is conceivable that heterogeneity in the distribution of calcium within the 
soil could influence the capacity of R. meliloti to survive and grow in some micro-
sites, but not others. The success of lime treatment in ameliorating acid affected 
soils (Cregan et al., 1989) may be due not only to an increase in the pH, but also to 
the increase in the localised concentration of calcium and its direct effect on the 
rhizobia. 
There appears to be no correlation between the ability of strains to grow on 
solid media under acidic conditions and their performance in the field. Strains 
WSM232, WSM244, CC169 and U45 have all been shown to perform poorly in 
acidic soils (Howieson and Ewing, 1986), whereas WSM419 and WSM540 have 
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been used with considerable success in acid soils (Howieson et al., 1991). There 
were, however, marked differences in the ability of these strains to grow on acidic 
media in the laboratory; in fact U45 appeared to grow better than any of the strains 
showing acid tolerance in the field. Although some strains which are acid-sensitive 
in the field (including U45 and CC169) have been reported to have a less efficient 
internal pH (pHi) regulation mechanism than the acid-tolerant strains (O'Hara et al., 
1989), this did not adversely affect the growth of these strains on agar under the 
conditions used in the present study. This data and those of others (Howieson et 
al., 1992) indicate strongly that acid tolerance in the field is a phenotype which is 
far more complex than tolerance of protons; it is likely to involve elements of 
persistence and competitiveness, not only with other rhizobial strains, but with 
other components of the microbial flora. 
One approach to examining genes in rhizobia involved in a response to 
acidity is to isolate acid-sensitive mutants that have an altered pattern of growth at 
acidic pH, but which are also similar to the wild-type at neutral, or alkaline pH. The 
requirement that such acid-sensitive mutants have an essentially normal pattern of 
growth at neutral and alkaline pH is an important one since it should exclude non-
specific mutants. There are, for example, adenyl cyclase mutants of E. coli which 
show pH-sensitive growth, but which grow significantly less well than the wild-
type at neutral pH (Ahmad & Newman, 1988). Although the mean generation times 
of the acid-sensitive mutants of R. meliloti are very similar to the wild-type 
WSM419 at pH 7.0, those of R. leguminosarum had slightly slower mean 
generation times than the wild-type WSM710. 
In view of the effect of calcium on WSM419 and WSM710, it was of 
interest to investigate the effect of calcium on the Tn5-induced acid-sensitive 
mutants. The R. meliloti mutants TG 1-6, TG 1-11, TG2-6 and TGS-46 and the R. 
leguminosarum mutant WR6-35 were able to grow at low pH if a high 
concentration of calcium was present in the medium. The isolation of mutants, R. 
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meliloti RT3-27 or R. leguminosarum WRl-14, unable to respond to high 
concentrations of calcium at low pH is of interest. 
Each of the acid-sensitive mutants described in this chapter contain one copy 
of Tn5. If Tn5 has inserted into a gene required for acid-tolerance it should be 
possible to address the question of what the function of that gene might be. 
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CHAPTER 3 
SEQUENCING AND CHARACTERISATION OF act206, A GENE 





The isolation and characterisation of Tn5-induced acid-sensitive mutants of 
R. meliloti and R. leguminosarum was described in Chapter 2. The acid-sensitive 
mutants of R. meliloti can be sub-divided on the basis of their response to ca2+ at 
low pH. For one class of mutants, the addition of 3 mM or more calcium to the 
culture medium allows cells to grow at pH 5.5-5.6, while for the other class it does 
not. 
Since nothing is known about the role of the mutated genes, a programme 
has been undertaken to try to determine the function of these genes and therefore the 
nature of the proteins required for acid-tolerance. 
Strain R. meliloti TG2-6 contains one copy of Tn5 (Goss et al., 1990) 
inserted into the genome of WSM419, has an acid-sensitive phenotype (Chapter 2), 
and is unable to maintain pHi as the external pH falls (O'Hara et al., 1989). This 
mutant fails to grow below pH 6.0 in the presence of low concentrations of calcium 
(Goss et al., 1990; Chapter 2), but does grow if given high (3 mM or more) 
calcium (Chapter 2). This chapter presents a more detailed description of the act206 
gene region, by using data obtained from Southern hybridisation, and by cloning 
and restriction mapping the rhizobial sequences flanking Tn5 in TG2-6. In addition, 
the DNA sequence of the 2.5 kb SalI/BamHI DNA fragment containing the act206 
gene is presented. This chapter describes the attempt to identify the nature and 
function of the protein affected in TG2-6. 
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3.2: MATERIALS AND METHODS 
3.2.2: Bacterial strains and plasmids. 
The bacterial strains and plasmids used in this study are listed in Table 3.1. 
3.2.3: Growth conditions. 
Bacterial strains were grown as described in Chapter 2. Strains of 
Agrobacterium were grown in Luria-Bertani (LB) medium at 28°C. Strains At125 
and At128 were grown in LB supplemented with kanamycin at a concentration of 
100 µg m1-l. 
3.2.4: DNA preparation and manipulation. 
Plasmid or genomic extractions were performed as described in Chapter 2. 
Other DNA manipulations were performed as described by Sambrook et al. (1989). 
3.2.5: Preparation of competent cells. 
Competent cells were prepared using the method of Hanahan et al. (1991). 
3.2.6: Cloning Tn5 and the associated rhizobial flanking sequences. 
3.2.6.1: Dephosphorylation of pUC18. 
The vector pUC18 or pBR322 was digested with EcoRI and an aliquot 
checked by agarose gel electrophoresis to ensure the reaction was complete. The 
reaction was terminated by heating to 85°C for 20 min, after which a one-tenth 
volume of 10 x CIAP buffer (20 mM Tris.HCl, 1 mM MgCl2, 1 mM ZnCl2; pH 
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Strain or plasmid 
Strains 






































Bacterial strains and plasmids 
Relevant charateristics 
C58C 1, SmR, RifR, cured of pATC58 
GMI9023 pRmeSU47b Q5007::Tn5-oriT 
GMl9023 pRmeSU47a Q30::Tn5-11 
F- ~80dlacZLiM15 recAl endAl gyrA96 
thi-1 hsdRl 1 (rK-mK+) supE44 relA l 
deoR Li(lacZYA-argF)Ul69 
F- thi-l hsdS20 (rB-mB-) supE44 recA13 
ara-14 leuB6 proA2 lacY1 rpsL20 (SmR) 
xyl-5 mtl- 1 
AcidT 
Acids; commercial inoculant for white clover 
AcidT commercial inoculant 
AcidT 
AcidT strain from Vicia sp. in Japan 
Acid T strain from Vicia sp. in Greece 
Commercial inoculant from South Australia 
SU47 str-21 
Tn5-induced acids mutant ofWSM419; KmR 
Commercial inoculant strain; ex Uraguay 
Acids isolate from Iraq 
Acids isolate from Iraq 
Acid T isolate from Sardinia 
AcidT isolate from Greece 
Acid T strain 
Cloning vector; AmpRTetR 
Cloning vector; AmpR 
Helper plasmid; KmR 
pBR322 containing KmR EcoRI fragment of TG2-6 
BamHI/EcoRl fragment of pRT2-6 containing left 
inverted repeat of Tn5 and associated rhizobial 
flanking sequences cloned from pRT2-6 into 
pUC18; AmpR, KmR 
BamHI fragment of pRT2-6 containing right inverted 
repeat of Tn5 and associated rhizobial flanking 
sequence cloned from pRT2-6 into pUC18; AmpR 
0.43 kb Mlul/Mlul fragment from pRT2-6R cloned 
into Smal site of pUC18; AmpR 
Cloning vector; AmpR 
Gene replacement vehicle; GmR, TetR, SucR 
Source/reference 






















Bolivar et al. (1977) 






et al. (1985) 
Selbitschka et al. (1993) 
t Depaitment of Biology, McMaster University, Hamilton, Canada. * Western Australian Department of Agriculture. 
Abbreviations: Acids, acid sensitive; AcidR, acid-tolerant; Sues, sucrose sensitive 
Resistance to ainpicillin (AmpR), gentainycin (GmR), kanainycin (KmR), 
tifainpcin (RifR ), streptomycin ( SmR) and tetracycline (TetR). 
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8.0) and CIAP (lU/100 pmol of DNA termini) were added to the reaction mixture 
and incubated for 30 min at 37°C. The CIAP was heat inactivated at 75°C for 15 
min and the DNA was phenol/chloroform/isoamyl alcohol (25: 24: 1) extracted. 
The aqueous phase was ethanol precipitated, washed with 70 % ethanol and the 
DNA pellet resuspended in TE buffer (10 mM Tris, 1 mM EDTA; pH 8.0). 
3.2.6.2: Ligation of genomic DNA to pUC18 DNA. 
Different ratios of EcoRI digested genomic DNA fragments were ligated to 
dephosphorylated EcoRI linearised pUC18 or pBR322 vector. Appropriate controls 
were also set up as described by Ausubel et al. (1990). A pre-ligation control 
containing 0.5 µg of DNA was removed before the addition of ligase and stored at 
-20°C. One unit of T4 DNA ligase was then added to the ligation mixture and the 
reaction incubated for 16 h at 16°C. A post-ligation control was removed and 
electrophoresed along with the pre-ligation controls to determine the success of the 
ligation. Ligated DNA was transformed into competent cells of E. coli DH5a. 
3.2.6.3: Transformation of competent cells. 
To clone the rhizobial DNA flanking the site of Tn5 insertion, cells were 
transformed with 0.5 µg of DNA from the ligation mix. The transformation 
efficiency was monitored by spreading aliquots of the transformation mixture on 
LB plates containing ampicillin. The desired clones were selected by spreading 250 
µl aliquots onto LB plates containing ampicillin and kanamycin. The appropriate 
transformation controls were included as described by Ausubel et al. (1990). 
3.2. 7: Tn5 marker exchange 
The Eco RI restriction fragment containing Tn5 was subcloned into Eco RI 
digested CIAP-treated pWS233. Cells of DH5a were transformed and clones were 
selected on LB plates containing gentamycin and kanamycin. This construct was 
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mobilised into Rhizobium as described by Selbitschk:a et al. (1993), except that 
JMM minimal medium was used in place of VMM medium. Plasmids were 
mobilised from DH5a using HB101 containing the helper plasmid pRK2013. Fast-
growing colonies were patched onto JMM plates (pH 7.0) containing kanamycin, 
and then onto the same medium containing tetracycline. The acid sensitivity of 
tetracycline-sensitive colonies was tested by patching onto JMM (pH 5.7) and 
confirmed by spotting 104 cells onto JMM (pH 7.0 or 5.7) containing a range of 
calcium concentrations. 
3.2.8: Isolation of revertants of TG2-6. 
A 5 ml starter culture of strain TG2-6 in JMM (pH 7.0) was grown for 3 d and 
then used to inoculate a 500 ml culture of JMM (pH 7.0), which was grown to late 
log phase. The cells were harvested (11,950 g, 10 min), washed once with JMM 
(pH 5.7) and resuspended in JMM (pH 5.7) to give an OD600nm (approx.) of 0.3, 
and incubated at 28°C for one week. Aliquots of serial dilutions were spread on 
JMM (pH 5.7) and incubated at 28°c. 
3.2.9: Oligonucleotide primers 
Custom-made oligonucleotides were chemically synthesised and purified by 
Bresatec Ltd. The Tn5 primer was a 25mer oligonucleotide containing the following 
sequence 5'-TAC GAG GTC ACA TGG AAG TCA GAT C-3'. Four other primers 
were designed and contained the following nucleotide sequences; 5'-CTG TAC 
GAC GCG TAC CGC C-3' (positions 1121-1139 of the act206 gene region 
sequence), 5'-GGC GGT ACG CGT CGT ACA G-3' (positions 1139-1121 of the 
act206 gene region sequence), 5'-TCC ATT GAA CCT CCA GTC G-3' (positions 
412-394 of the act206 gene region sequence), and 5'-CGA TTG ATT CGG TCG 
GCT G-3' (positions 308-326 of the act206 gene region sequence). 
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The pUC/M13 Forward (-47; 24mer) and Reverse (22mer) primers were 
purchased from Promega Corporation. 
3.2.10: DNA sequencing and analysis. 
Manual DNA sequencing was done by the dideoxy sequencing method 
(Sanger et al., 1977), using (a-35s) ATP (Bresatec Ltd) and the Sequenase 
version 2.0 sequencing kit (US. Biochemical Corp.). Reactions were run on a BRL 
Life Technologies Inc (SA) gel sequencer (1 meter) for between 8 and 20 h using a 
5 % Long Ranger polyacrylamide gel (from HydroLink). Automated DNA 
sequencing was performed on an Applied Biosystems automated DNA sequencer. 
Reactions were prepared using the Prism Ready Reaction DyeDeoxy Terminator 
Cycle Sequencing kit from Applied Biosystems. 
All reactions for sequencing contained single stranded DNA template 
generated by denaturing double-stranded, CsCl-purified, plasmid DNA 
Analysis of DNA sequence information was carried out using the 
Mac Vector DNA software analysis package from IBI (Kodak Co.). Database 
searches were performed through the University of Georgia using the FAST A 
programme (Devereux et al., 1984). 
3.2.11: Accession number. 
This sequence data has been submitted to GenBank and has the accession 
number Ll3845. 
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3.2.12: Construction of DNA probes. 
3 .2.12.1: Construction of a probe for mapping the act206 gene region. 
The 0.7 kb EcoRI-SalI fragment from pTG2-6S was subcloned into pUC18 
to form the plasmid pES2-6. This plasmid provided the source of the 0.7 kb 
fragment for use as a probe. This DNA was digested with EcoRI and Sall and the 
0. 7 kb insert was purified and labelled with digoxigenin-11-dUTP as described in 
Chapter 2. 
3.2.12.2: Construction of an intragenic act206 probe. 
The intragenic probe used in hybridisations was a 0.43 kb Mlul-Mlul 
fragment from within the act206 gene. This fragment was end-filled using the 
Klenow fragment of DNA polymerase I and then cloned into the SmaI site of 
pUC18 to create the construct pRT2-6Mlu. This plasmid was cleaved by EcoRI and 
HindIII and the 0.43 kb insert was purified and labelled with digoxigenin as 
described in Chapter 2. 
3.2.13: Hybridisation and detection. 
Southern transfer, prehybridisation and hybridisation conditions, washing 
stringency, and probe detection were all performed as described in Chapter 2. 
3.2.14: RNA isolation. 
Log-phase cells of R. meliloti WSM419 grown in 50 ml of JMM broth 
containing either 0.3 or 3 mM Ca2+ at pH 7 or 5.8 were harvested (11,950 g, 5 
min at room temperature) and washed with an equal volume of ice-cold MEN buffer 
(MES 30 mM, 5 mM EDTA, 100 mM NaCl; pH 7 or 5.8) at the pH of growth. The 
cells were resuspended by vigorous vortexing in 10 ml of ice-cold MEN buffer at 
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the appropriate pH and then centrifuged at 4°C (9,680 g; 5 min). RNA was 
extracted from the drained, pelleted cells as described by Tanabe et al. (1992). 
Isolated RNA was analysed on an agarose gel (Pelle & Murphy, 1993) prior to 
hybridisation to ensure that the preparation contained intact ribosomal RNA bands. 
After DNAse treatment, samples of RNA (10 µg) were spotted and UV crosslinked 
onto nylon membrane. Prehybridisation, hybridisation, and washing conditions 
were performed at high stringency as described in Engler-Blum et al. (1993). 
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3.3: RESULTS AND DISCUSSION 
3.3.1: Restriction map of the act206 gene region. 
A Sall fragment carrying kanamycin resistance, the ISS0L inverted repeat of 
Tn5 and 1 kb of flanking rhizobial DNA had been cloned (Goss et al., 1990) from 
TG2-6 into pUC18 to form pTG2-6S (Fig. 3.1 A). Both flanking sequences from 
TG2-6 have now been cloned into pBR322 to form pRT2-6 (Fig. 3.1 B). 
Restriction mapping of these clones gave limited information on the rhizobial DNA 
flanking the left inverted repeat of Tn5. Southern hybridisation was therefore 
undertaken using the 0.7 kb Eco RI-Sall fragment which is located very close to the 
site of insertion of Tn5. Genomic DNA from strain WSM419 was digested 
separately with BamHI, Sall and Eco RI and in double digestions with combinations 
of these enzymes, and the fragments separated on 0.7 % agarose. Southern 
hybridisation was performed using dig-labelled, purified 0.7 kb EcoRI-Sall 
fragment. The restriction fragments hybridising with the probe (Fig. 3.2 )were used 
in the construction of a map of the 12 kb fragment containing the act206 gene 
region (Fig. 3.3). 
3.3.2: Tn5 insertion in TG2-6 causes acid sensitivity 
The possibility existed that the acid-sensitive phenotype of TG2-6 was due 
to another mutation rather than the Tn5 insertion. This question was addressed in 
two ways. In the first, Tn5 marker exchange (Selbitschka et al., 1993) was used to 
replace the wild-type act206 gene in WSM419 with a copy carrying Tn5. Four 
kanamycin and sucrose resistant colonies were obtained which had the same acid-
sensitive phenotype as TG2-6. All four colonies were tetracycline-sensitive, 
indicating that the vector had not integrated into the genome. In the second 
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Fig. 3.1: Restriction mapping of the act206 gene region in R. meliloti WSM419 
A. Restriction map of pTG2-6S 
B. Restriction map of pRT2-6 
Scale 1 cm = 1 kb. 
(B-BamHI, Bg-BglII, E-EcoRI, H-HindIII, S-SalI and X-Xhol. 
Fig. 3.2. Restriction fragments generated from Southern hybridisation of R. meliloti 
WSM419 genomic DNA with the dig-labelled 0.7 kb EcoRI-Sall probe. 
DNA cut with: Hindlll (Lane 1), Hindlll/EcoRI (Lane 2), Hindlll/BamHI 
(Lane 3), BamHI (Lane 4), BamHI/EcoRI (Lane 5), BamHI/Bglll (Lane 6),. 
Bglll (Lane 7), Bglll/EcoRI (Lane 8), EcoRI (Lane 9), and Sall (Lane 10). 
Lanes marked "M" are dig-labelled Hindlll A markers of size 23 .130, 9.416, 
6.557, 4.36 1, 2.322, 2.022, 0.564, and 0.125 kb. The latter fragment is not 
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Fig. 3.3. Restriction map of the act206 gene region in R. meliloti WSM419. 
The solid line denotes the known sites from pTG2-6S and pRT2-6. 
The dashed line depicts partially mapped DNA which contains 
restriction sites obtained from Southern hybridisation data using the 
0.7 kb EcoRl/SalI. probe (represented as the cross-hatched box). 
Scale 1 cm = 1 kb 
(B-BamHI, Bg-Bglll, E-EcoRI, H, Hindlll and S-SalI..) 
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corresponding restoration of acid-tolerance. Three acid-tolerant revertants of TG2-6 
were obtained which were also kanamycin-sensitive. These data show that Tn5 is 
responsible for the acid-sensitive phenotype of TG2-6. 
3.3.3: Is the wild-type act206 gene, or a sequence linked to it, toxic 
to E.coli? 
Previous attempts to clone the wild-type act206 gene from a gene bank of 
WSM419 (Goss et al., 1990) had been unsuccessful. Subgenomic cloning was 
then used in an effort to clone the wild-type act206 gene. The 6.3 kb BamHI 
fragment (Fig. 3.3) which spans the site of Tn5 insertion, with 1.8 kb on one flank 
and 4.6 kb on the other, was chosen for subgenomic cloning. Genomic DNA from 
WSM419, digested with BamHI, was separated into fragments on a 0.7 % agarose 
gel, the 5-7 kb fragments isolated and the DNA purified using Gelase. This material 
was ligated into pBR322 which was then transformed into E. coli DH5a. Over 
20,000 independent transformant colonies were probed with the 0.7 kb EcoRI-Sall 
probe, but no colonies were found containing the cloned wild-type act206 gene. 
Since pBR322 is a multi-copy plasmid, the presence of multiple copies of this gene 
on the plasmid pBR322 may have been toxic to E. coli. Although attempts were 
made to clone the gene in a single copy number plasmid, pOU61, they were 
unsuccessful, suggesting that merely doubling the number of copies of the act206 
gene, or DNA sequences closely linked to it, may be toxic to E. coli. 
3.3.4: Sequencing of the act206 gene region. 
In an attempt to determine the function of the act206 gene, the 2.5 kb Sall-
BamHI region was sequenced using DNA isolated from the mutant TG2-6. This 
DNA spans 1 kb to the left and 1.5 kb to the right of the point of insertion of Tn5 in 
TG2-6. The pRT2-6 construct was digested with BamHI and Eco RI and subcloned 
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into pUC18 to produce two clones designated pRT2-6L, and pRT2-6R, containing 
the left and right inverted repeats of Tn5, respectively. Manual DNA sequencing 
was started using this plasmid DNA as a template in conjunction with the Tn5 
primer. Approximately 400 bp of DNA from each subclone was obtained (Fig. 3.4) 
before an Applied Biosystems automated DNA sequencer became available. 
Sequence determination of pRT2-6L and pRT2-6R was repeated using the 
automated DNA sequencer. The full double-stranded sequence of the act206 gene 
region was then determined using the automated DNA sequencer. An example of 
the DNA sequence data obtained by using the automated DNA sequencer is shown 
in Fig. 3.5. Plasmid DNA derived from pRT2-6L, pRT2-6R, and pTG2-6S (or 
subclones thereof) was used with custom synthesised or pUC primers. The overall 
strategy used to sequence both strands is shown in Fig. 3.6. 
The DNA sequence of the act206 gene region is presented in Fig. 3.7. The 
nine base pair repeat which results from Tn5 integration (Berg, 1989) has been 
deleted from the sequence shown. The DNA sequence (Fig. 3.7) was analysed by 
the Mac Vector programme. Using the universal start codon, there were four main 
open reading frames (ORFs) (Fig. 3.8). ORFl spans the region from positions 173 
to 1405, ORF2 from 372 to 1994 and ORF3 starts at 2135 and is incomplete. 
ORF4 occurs on the other strand between positions 1739 and 1209. Only ORF2 
and ORF4 actually span the site of insertion of Tn5. 
An analysis of 103 DNA sequences from R. meliloti showed that the start 
codon for 94 % of the genes was ATG; only 5 % started with GTG and 1 % with 
TTG (data not shown). Accordingly, the act206 sequence was examined for ORFs 
initiated with GTG or TTG. Using GTG as a start codon gave an open reading 
frame 14 codons longer than ORF2 and in the same frame; for TTG initiation, there 
was an open reading frame 12 codons longer than ORF2 and also in the same 
frame. 
A potential ribosome binding site (AAGGA) was located 13 bp from the 
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Fig .. 3.4. Dideoxy sequencing autoradiograph of the nucleotide sequence 
derived from pRT2-6R (Lanes 1-4) and pRT2-6L (Lanes 6-9) using 
Tn5 primer (each lane shows C, T, A, or G). Lanes 5 and 6 are 
identical samples. The last 10 bases of the IS50 nucleotide sequence of 
Tn5 are shown. 
I I 
·, 
Fig.3.5. Sequence data of the 0.44 kb PvuI/EcoRI pTG2-6S DNA fragment subcloned 
into the Smal site of pUC18. Sequencing data was generated from CsCl 
purified DNA template using the Prism Ready Reaction DyeDeoxy 
Terminator Cycle Sequencing kit, M13 forward primer and the Applied 
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Fig. 3.6. Sequencing strategy used to obtain the nucleotide sequence of the 
2.5 kb Sall to BamHI fragment. Sequence generated by pUC/M13 
Forward and Reverse primers ( ---- ) and by custom 
synthesised primers ( - - - - - - - - - · ). The MluI/Mlul fragment used as 
an intragenic probe is represented by a boxed region. 
The site of Tn5 insertion in TG2-6 is marked with a triangle. 
Scale 1 cm = 0.2 kb 
Restriction sites: B, BamHI; E, EcoRI; H, Hindlll; K, Kspl; M, Mlul; 
Pv, Pvul; and S, Sall. 
Fig. 3.7. The nucleotide sequence of the BamHI-Sall segment of the act206 gene 
region of R. meliloti WSM419. Potential ribosome binding sites are 
underlined. The boxed region represents the nine base pairs which were 
duplicated by Tn5 integration. 
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* * 
GGATC CACGT CGCGT CAAAC GCGTC AGGAT CATGC GCAAG CGCCC GTCTT 50 
* * 
CGCGC CGCCG .CCCGC CGAAG GTCGA GAAGG AGCCG CTGCC AGAGG CGTTT 100 
* * 
GCCAC GACCG GCGCC ACGGG CGCCG GTGTC CGGCC TCCGG CTTCG TTGGA 150 
* * 
ATAGT GCCCG CCGGC GTCAA AGATG CGTCA TCCTT CGGAC GTGCT GATCC 200 
* * 
CGAGC GACGC GGCCC TTTTC CCGGT CGGGA AGTGC ACGGG CGATG AGGTG 250 
* * 
CATCG GCGGC CCTCC TTCAG GACGG GACAA GCAGC CACTT TTTTG GAAGA 300 
* * 
CTGCC GCCGA TTGAT TCGGT CGGCT GCGTG TGTCC TTGAA TCGCA GCCGT 350 
* * 
TTCAA GGACA GGGTC CGCAC GATGC CTTGC CCACG ACCGG CGCCG ACTGG 400 
MetProCys ProArg Pro AlaPro ThrGly> 
* * 
AGGTT CAATG GAAAG ACTGG CAGGC AGAAT CATAC TTCTC TCCGG GGTGT 450 
Gly SerMet GluArg Leu AlaGly Argile Ile Leu Leu SerGly Val> 
* * 
CGCGG GCATT CGTCG GTTTT CTCGC CGGCC TCCTG GCGGT GCTTG CCCAG 500 
SerArg AlaPhe Val GlyPhe LeuAlaGly LeuLeu AlaVal Leu AlaGln> 
* * 
CCGCC ATTTG GCATT TTCGC GGCGG CTTTC GTCTC TTTTC CAGTC CTCGT 550 
ProProPhe Glyile PheAla Ala AlaPhe ValSer Phe ProVal LeuVal> 
* * 
CTGGC TGATC GACGG GGTGG CGCCC GATCC CTCCG ACGGC GCATT CCGGC 600 
Trp Leuile AspGly Val AlaPro Asp Pro Ser AspGly AlaPhe Arg> 
* * 
GGCTG AGGCA GCCCG CCGCA ATCGG CTGGT CCTTC GGCTT CGGCT ATTTT 650 
ArgLeu ArgGln Pro AlaAla IleGly Trp SerPhe GlyPheGly TyrPhe> 
* * 
CTGGG CGGTC TCTGG TGGCT GGGCA ATGCG CTCCT GGTCG AAGCG GACGC 700 
LeuGly Gly LeuTrp TrpLeu GlyAsnAla LeuLeu Val GluAla AspAla> 
* * 
GTTCG CCTGG GCGAT ACCCC TTGCC GTCGT CGGCC TTCCA GCCGT TCTCG 750 
Phe AlaTrp Alaile Pro LeuAla ValVal Gly Leu Pro AlaVal Leu> 
* * 
GGGTT TTTTA CGCGC TGGCG GTCGT CATTG CCCGC TGTCT TTGGT CCGAC 800 
GlyVal PheTyr Ala LeuAla ValVal Ile AlaArg CysLeuTrpSerAsp> 
* * 
GGCTG GGGCC GGATC GCTGC CCTTG CGCTC GGCTT CGGCA TCGCC GAATG 850 
GlyTrp Gly Argile AlaAla Leu AlaLeu GlyPhe GlyileAla GluTrp> 
* * 
GCTCC GCGGT TTTGT TTTTA CCGGC TTTCC GTGGA ATGCC ATCGG TTATG 900 
Leu ArgGly PheVal Phe ThrGly PhePro Trp AsnAla Ile Gly Tyr> 
* * 
CGGCC ATGCC GATGC CGTTG ATGAT GCAGT CGGCA AGCGT CGTCA ATCTC 950 
AlaAla MetPro Met ProLeu MetMet Gln SerAla SerValValAsnLeu> 
* * 
TCAAC GATCA ACATG CTGGC CGTCT TTGTG TTCGC CGCTC CTGCT TTGAT 1000 
SerThr Ile AsnMet LeuAla Val PheVal PheAla AlaProAlaLeuile> 
* * 
CTGGA CGGGC AAGGG CGCGC GCACC GGCCT TGCCA TCGCG GTAGC GCTCT 1050 
Trp ThrGly LysGly Ala ArgThr GlyLeu Ala Ile Ala ValAla Leu> 
! I 
... i 
TTACG GCGCA TATCG 
PheThr AlaHis Ile 
CCGTC GGCTG CACCG 
Proser Ala AlaPro 
CCAGG CCAAA AAGCT 
Gln AlaLys LysLeu 
ACCTC TCATT GACGG 
HisLeu SerLeu Thr 
ATCGT CGTTT GGCCG 
IleVal Val TrpPro 
CGACG CGCTG GCGCG 
Asp AlaLeu AlaArg 
TCGCC GGCGC CGTCA 
ValAla GlyAla Val 
TACTA TAACT CTGTC 
TyrTyr Asn SerVal 
GGCGG ACAAG GTGCA 
Ala AspLys ValHis 
ACCTG CTGAf GTCCT 
AspLeu LeuThr Ser 
GGCTT CTCGG CAGCC 
GlyPhe Ser AlaAla 
AAGAC TTTAC CCGAT 
Arg LeuTyr ProMet 
ACGCC AATGC GCGCC 
AspAla AsnAla Arg 
TGGTT CGGTG ACACG 
TrpPhe Gly AspThr 
CCGCG CGGTT GAAAC 
Arg AlaVal GluThr 
TTTCA GCAGT TGTTG 
IleSer AlaVal Val 
AGGGG TGTTT TAGAC 
ArgGly Val LeuAsp 
CGTCC CGACG CGCAG 
Val ProThr ArgSer 
* * 
CATTC GGCTT CTACC GGCTC GCTCA GCCGG CGCCG 1100 
AlaPhe GlyPhe Tyr ArgLeu AlaGlnPro AlaPro> 
* * 
CAAAT GGCGG TACGC GTCGT ACAGC CGGTC ATCGA 1150 
GlnMet Ala ValArg ValVal GlnProVal IleAsp> 
* * 
CGACG ACCGC GAGCG CGCCT CGATC TTCGA GGACC 1200 
Asp AspArg GluArg Ala Serile PheGlu Asp> 
* * 
CCGCC CCGGT TCAAG GTGGC GGCAA GCGTC CGGAC 1250 
AlaAla ProVal Gln GlyGly GlyLysArg ProAsp> 
* * 
GAAAC GTCGA TCCCT TTCAT CCTCA CCGAC AATCC 1300 
GluThr Ser IlePro Pheile LeuThrAsp AsnPro> 
* * 
GATCG CGGAG GTTCT CAAGG ATGGG CAGAT ACTCG 1350 
Ile AlaGlu ValLeu Lys Asp Gly Glnile Leu> 
* * 
GGGCC GAGGA TGCAG GCGCC GGGCT GCCGT CGCGC 1400 
ArgAla GluAsp Ala GlyAla GlyLeuPro SerArg> 
* * 
TATGT TATTG ACGAC CGGGG CCAGA TCATT GGCGC 1450 
TyrVal Ile AspAsp ArgGly Glnileile GlyAla> 
* * 
TCTGG TGCCG TTCGG TGAAT ATCTC CCCTA CGAGG 1500 
Leu ValPro Phe Gly Glu TyrLeu ProTyr Glu> 
* * 
GGQGC TTGAG TTCCA TCGCG GCTTC GATGC CGGGC 1550 
TrpGly LeuSer Ser IleAlaAlaSer Met ProGly> 
* * 
AGGAT GCGCC CTGTG CTCAC TTTGC CGGGC GGCAG 1600 
ArgMet Arg ProVal LeuThr LeuProGly GlyArg> 
* * 
GATCT GTTAC GAGGC GATCT TTGCC GATGA GGTGG 1650 
Ile Cys Tyr GluAla Ile PheAla AspGlu Val> 
* * 
TCGCC GACGT GCTCC TCAAT GTCAC CAACG ATGCC 1700 
LeuAla AspVal Leu LeuAsn ValThrAsn AspAla> 
* * 
CCAGG TCCGC GCCAG CATTT CCATC AGGCG CAGCT 1750 
ProGly Pro ArgGln HisPhe HisGlnAla GlnLeu> 
* * 
CGGAA TTCCC ATGAT CCGCG CTGCG AATAC TGGTA 1800 
Gly IlePro Metile Arg AlaAla Asn Thr Gly> 
* * 
ATGCA CGTGG TGTTT TAGTA TTAGG CTACA ATTAC 1850 
AspAla ArgGly Val LeuVal LeuGlyTyr AsnTyr> 
* * 
ACAAT TCTGC CGGGA AAACT GCCTA CGCTA ACGGA 1900 
Thrile Leu ProGly LysLeu ProThrLeu ThrAsp> 
* * 
CCGGA TTTTT TGGTT GTCGA TGGCT ATTCT ATCTA 1950 





TAGTT GCATC ATTCT CGCGT TTTGG TTTCA ATATT AGGAA GAATT GACGT 2000 
IleVal AlaSer Phe SerArg PheGly Phe Asnile ArgLys Asn> 
* * 
AAAAC CCCCA AAATT GCATA GTGAA TGCTT CATCA ACCCT TATCT GTCGC 2050 
* * 
CGAGC GCGCC GGGGT TGCTG TGGCG CAAAA GAAGA CAATT CTAGG TTGTT 2100 
* * 
GGACA ATAAT AACAG CGTGT TTAGG AAGGC GAATA TGATT GAGAA TAAAA 2150 
Metile GluAsn Lys> 
* * 
AGAAG CCGAA CCCGA TCGAT ATTCA TGTCG GTAGC AGGAT TCGCC TTCGT 2200 
LysLys ProAsn Pro IleAsp IleHis Val GlySer ArgileArg LeuArg> 
* * 
CGGAC GATGC TTGGC ATGAG CCAGG AGAAG CTCGG CGAGA GTCTG GGGAT 2250 
ArgThr Met LeuGly MetSer Gln GluLys LeuGlyGlu SerLeu Glyile> 
* * 
TACCT TCCAG CAGAT CCAGA AGTAC GAAAA AGGCA CGAAC CGCGT CGGCG 2300 
Thr PheGln Glnile Gln LysTyr GluLys Gly ThrAsn Arg Val Gly> 
* * 
CGAGC CGGTT GCAGA ACATA TCGCA GATAC TCAAT GTGCC GGTAT CGTTC 2350 
AlaSer ArgLeu Gln Asnile SerGln Ile LeuAsn ValPro ValSerPhe> 
* * 
TTCTT CGAGG ATGCG CCGGG GGATG GCGGC GGCAC CGGGC CGGGG ATGGC 2400 
PhePhe Glu AspAlaProGly Asp GlyGly GlyThr GlyProGly MetAla> 
* * 
CGAGG CGTCG AGCTC CAATT ATGTG GTTGA TTTCC TCTCA TCCTC GGAAG 2450 
Glu AlaSer SerSer Asn TyrVal Val Asp Phe LeuSer SerSer Glu> 
* * 
GTCTG CAGCT TAACC GCGCC TTCGT CAAGA TTTCC GACCC GAAGG TTCGT 2500 
GlyLeu GlnLeu Asn ArgAla PheVal Lys IleSer AspPro LysValArg> 
CGCAA GCTGG TCGAC 
ArgLys LeuValASP> 
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Fig. 3.8. Open reading frames (ORFs) in the 2.5 kbp BamHI-Sall segment of the 
act206 gene region generated in all 6 possible frames by Mac Vector using 
the universal start codon; a span of 125 amino acids was used in the 
analysis. The filled boxes represent ORFs of one strand while the empty 
box represents an ORF on the other strand. 
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codon of ORF3. There were no ribosome binding sites in front of ORF4 and it 
would, if real, code for a very small protein. The ORFs initiated with GTG or TTG 
had no potential ribosome binding sites near the start codon. There was no obvious 
promoter sequence in front of ORF2. There was a sequence TTGACg (-35) -N 15-
cATAgT (-10) upstream of ORF3 which was similar to a cr70 promoter. 
Comparison of codon usage in the potential ORFs with published data from 
18 genes from R. meliloti (Cherry, 1990) indicated that ORF2 and ORF3 followed 
the typical codon usage for R. meliloti, while ORFl and ORF4 did not. These data 
strongly suggested that ORF2 is the act206 gene. 
3.3.5: Predicted proteins from act206 gene region. 
The act206 gene is 1623 bp long and encodes a protein of 541 amino acids 
with a calculated molecular weight of 57,963 D and an estimated pl of 9. The 
protein has potential glycosy lation sequences at positions 191-193 (NLS) and 437-
439 (NVT), indicating that the mature protein may have attached carbohydrate. 
Using the Kyte and Doolittle algorithm on Mac Vector, the hydrophilicity plot of the 
predicted Act206 protein (Fig. 3.9) indicates an amphipathic protein with a very 
hydrophobic N-terminal half with a more hydrophilic C-terminal portion. The data 
are consistent with, though do not unequivocally prove, that the Act206 protein is 
membrane associated. 
3.3.6: Similarity of the act206 gene region with other nucleotide and 
amino acid sequences. 
Comparison of the DNA sequence of the act206 gene with known 
sequences showed no significant similarity when a ktupel value of 6 was used. 
However, if the ktupel value was decreased to a value of 2, then 55 % identity was 
obtained with a DNA sequence for cutE, which encodes a copper-binding protein 
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Fig. 3.9. Hydrophilicity analysis of the predicted amino acid sequence of the 
Act206 protein using the Mac Vector analysis programme and a window 
size of 20. Positive values indicate hydrophilic regions; negative values 
indicate hydrophobic regions. 
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(Rogers et al., 1991). When the predicted Act206 protein was compared with 
database amino acid sequences, the CutE protein from E. coli had a 30 % identity 
and 69 % similarity over a 465 amino acid overlap. The term "identity" represents 
the number of amino acid residues that are identical between two sequences 
(determined from the FASTA algorithm) over a specified length of aligned amino 
acids. The term "similarity" is the sum of identical and conserved amino acids 
( determined from the FAST A algorithm) between two aligned sequences divided by 
the total length of the alignment. Both of the terms "identity" and "similarity" are 
expressed as a percentage value. It is interesting that one sequence of 45 amino 
acids, spanning a presumptive copper-binding region (Rogers et al., 1991), had 53 
% similarity, but lacked key residues in the copper-binding region indicating that 
Act206 may not be a copper binding protein. Recently, an allele of cutE has been 
found in Salmonella typhimurium which codes for the lipid metabolising enzyme 
apolipoprotein N-acetyltransferase (Gupta et al., 1993). It is known that the two 
subunits of dihydrolipoamide acetyltransferase (C62.7 and C70) in E. coli are 
induced under low pH conditions (Heyde & Portalier, 1990). An untested 
hypothesis is that the Act206 protein could potentially have a role in lipid 
metabolism. The significance for acid-tolerance of the homology between CutE and 
Act206 is at present obscure. 
For ORF3, a database search identified a 49.3 % identity and 86 % 
similarity, over 73 amino acids, spanning the DNA-binding domain of a protein 
encoded by a gene URF4 in the ATPase region of Rhodospirillum rubrum (Falk & 
Walker, 1988). The ORF3 and URF4 DNA-binding domains are similar to those 
reported for the phage 434 Cro and P22 C2 repressor proteins (Falk & Walker, 
1988) (Fig. 3.10.). 
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R. meliloti ORF3 
Rsp. rubrum URF4 
P22 Repressor C2 
434 Cro 
PIDIHVGS R IRL RR TM L GMS Q EKLGESL G~TFQQ I QKY E KGTNRVGASRL 
HVDAHVGQ R VRQ RR TA L ILD Q ETLARRI GV SFQQ I QKY E RGRNRISASRL 
MNTQLMGE R IRA RR KK L KIR Q AALGKMV GV SNVA I SQW E RSETEPNGENL 
MQTLSE R LKK RR IA L KMT Q TELATKA GV KQQS I QLI E AGVTKRPRFLF 
Fig. 3.10. Alignment of ORF3 from R. meliloti WSM419 with three other DNA-binding proteins as compared 
by Falk & Walker (1988). The underlined region corresponds to the DNA-binding domain. 
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3.3.7: Distribution of the act206 gene. 
Since strains of R. meliloti differ in their sensitivity to acidic pH, it is 
important to know whether act206-like genes are found only in the acid-tolerant 
strains, or whether they also occur in acid-sensitive strains. Genomic DNA from a 
range of acid-tolerant and acid-sensitive strains was therefore digested with EcoRI, 
the fragments separated electrophoretically and probed with the 0.43 kb MluI-MluI 
fragment (Fig. 3.11). All seven strains of R. meliloti tested had a single EcoRI 
fragment hybridising with the digoxigenin-labelled probe. In strains WSM419, 
WSM540, WSM232, WSM244, and CC169 the size of the hybridising EcoRI 
fragment was 7 kb, whereas in Rm1021 and U45 it was only 5 kb (Fig. 3.11). 
These two strains also differ from the others in that their growth rates are less 
responsive to increasing Ca2+ concentrations (Chapter 2). At high stringency there 
was no hybridisation of the MluI-MluI probe to genomic DNA derived from other 
Rhizobium spp., Agrobacterium tumefaciens or E.coli (Fig. 3.11). 
3.3.8: The localisation of the act206 gene. 
To test whether act206 is chromosomal or on a megaplasmid, derivatives of 
the plasmid-cured GMI9023 strain of A. tumefaciens containing one or the other 
megaplasmid from Rm1021 were used. The MluI-MluI probe hybridised to a 5 kb 
EcoRI fragment of genomic DNA from Rml021, but not with genomic DNA from 
A. tumefaciens GMI9023 (Fig. 3.11). Genomic DNA from A. tumefaciens Atl25 
(carrying the megaplasmid pRmeSU47b) and strain Atl28 (carrying the 
megaplasmid pRmeSU47a) failed to hybridise with the probe, indicating that act206 
is probably chromosomal in Rml021. 
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Fig. 3.11. Southern blot of EcoRI-digested genomic DNA probed with the dig-labelled 
Mlul/Mlul intragenic probe for the act206 gene from R. meliloti WSM419. 
Lanes 1-7, R. meliloti WSM419, WSM540, WSM232, WSM244, CC169, 
U45 and Rm.1021; lanes 8-10,A. tumefaciens At128, At125 and GMI9023; 
lanes 11-12, R. leguminosarum bv. trifolii NA300I and TAI; lane 13, R. 
tropici 5024; lanes 14-17, R. leguminosarum bv. viceae SU303, SU391, 
WSM710 and WSM937; lane 18, E.coli DH5a. 
Lanes marked "M" are dig-labelled Hindlll 'A, markers of size 23. 130, 9.416, 
6.557, 4.361, 2.322, 2.022, 0.564, and 0.125 kb. The latter fragment is not 
detectable in this Southern blot. 
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3.3.9: Effect of transcription of act206. 
The patterns of transcription of the act206 gene at neutral and acidic pH 
were investigated by dot blotting RNA onto a membrane filter and probing with the 
Mlul-Mlul probe. A variety of methods for extracting RNA from other bacteria 
failed to produce intact RNA from R. meliloti WSM419. The RNA preparations 
finally obtained from WSM419 cells grown at pH 7.0 and 5.8 with 0.3 mM ca2+ 
both contained intact RNA and hybridised with the probe, suggesting that act206 is 
expressed at both acid and neutral pH. The blot intensity was higher for RN A from 
cells grown at pH 5.8; since electrophoresis of equal amounts of RNA isolated 
from cells grown at pH 7.0 showed less intense rRNA bands than that for cells 
grown at pH 5.8; quantification was not attempted. 
3.3.10: Concluding comments. 
act206 is the first rhizobial gene involved in acid-tolerance to be isolated and 
sequenced. The insertion of Tn5 into the act206 gene results in a mutant (TG2-6) 
with a very acid-sensitive phenotype, the cells failing to grow below pH 6.0. 
Previous biochemical studies by O'Hara et al. (1989) suggested that TG2-6 was 
affected in its ability to maintain internal pH (pHi) when the external pH was acidic. 
The similarity of the act206 to cutB, and not to other DNA sequences, suggests that 
Act206 might be more than likely involved in lipid metabolism. It would be 
worthwhile checking if the defect in TG2-6 could be complemented by the E.coli 
cutB gene. The gene product is likely to be membrane located, but how it functions 
in pH homeostasis is yet to be determined. The act206 gene shows no homology to 
bacterial ATPases, whose function in pHi maintenance would be expected. The 
homology between Act206 and CutE is intriguing, but the link between the 
homology and acid-tolerance may also be a distant one. 
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CHAPTER 4 
DISRUPTION OF act635 (exoR) BY Tn5 IN RHIZOBIUM 
LEGUMINOSARUM BV. VICEAE CAUSES A MILDLY ACID-





The isolation and characteristics of the mildly acid-sensitive mutant (0.1 pH 
unit more sensitive than the wild-type), WR6-35, derived from R. leguminosarum 
bv viceae WSM710 by Tn5 mutagenesis, were described in Chapter 2. To obtain an 
understanding of the basis of the acid-sensitive phenotype of this mutant, the 
rhizobial DNA flanking each side of Tn5 from the site of insertion was cloned and 
restriction mapped. fu this chapter, the DNA sequence of the gene inactivated by 
Tn5 is presented. In addition, the nature of the predicted Act6-35 protein is 
described. Evidence is presented which suggests that Tn5 has disrupted a gene 
encoding a regulatory protein (ExoR) which negatively modulates the production of 






4.2: MATERIALS AND METHODS 
4.2.1: Bacterial strains and plasmids. 
The bacterial strains and plasmids used in this study are listed in Table 4.1. 
4.2.2: Transduction analysis 
A phage lysate was prepared from WSM710 using phage RL38 (Buchanan-
Wollaston, 1979). Essentially, a 5 ml culture was grown in TYC overnight and 
then subcultured and grown to an OD600nm of 0.3. Phage RL38 was added at 108 
pfu m1-l and the culture was incubated until lysis occured (12-16 h). Cell debris 
was removed by centrifugation (12,000g for 15 min) and the supernatant was 
transferred to a sterile glass tube containing a few drops of chloroform. Lysate was 
stored at 4°C before being used to prepare fresh phage lysate from the acid-
sensitive strain. A phage stock prepared from WR6-35 was used to transduce 
WSM710 using the protocol described by Buchanan-Wollaston (1979). 
Kanamycin-resistant transductants were analysed for sensitivity to low pH. 
4.2.3: Exopolysaccharide (EPS) production 
Cells of R. leguminosarum were grown to mid-log phase in JMM minimal 
medium (see Chapter 2) at pH 7.0 containing glutamate (10 or 4 mM) as the 
nitrogen source. Cells were washed and resuspended in the same medium to give a 
final OD600nm of approximately 0.2 and were then incubated at 28°C for 30 h. 
During this time interval 1.5 ml samples were removed periodically to determine 
polysaccharide production. Cells were pelleted (12, 000g for 10 min) in a Beckman 
microfuge-E and the supernatant removed to a new sterile tube. The cells were 
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Bacterial strains and plasmids 
Relevant charateristics 
p- <j>80dlacZM115 recAl endAl gyrA96 
thi-1 hsdRl 7 (1X_-mK+) supE44 relAl 
deoR A(lacZYA-argF)U169 
p- thi-1 hsdS20 (r1fmB-) supE44 recA13 
ara-14 leuB6 proA2 lacY1,psL20 (SmR) 
xyl-5 mtl-1 
AcidT strain from Vicia sp. in Japan 
Tn5-induced acids mutant of WSM710 
Generalised transducing phage 
Cloning vector; AmpRTetR 
Cloning vector; AmpR 
pBR322 containing KmR EcoRI fragment of WR6-35 
BamHI/EcoRI fragment ofpWR6-35 containing left 
inverted repeat of Tn5 and associated rhizobial 
flanking sequences cloned from pWR6-35 into 
pUC18; AmpR, KmR 
BamHI/EcoRI fragment of pRT2-6 containing right 
inverted repeat of Tn5 and associated rhizobial flanking 
sequence cloned from pWR6-35 into pUC18; AmpR 


















et al. (1985) 
twestern Australian Department of Agriculture. 
Abbreviations: Acids, acid sensitive; AcidR, acid-tolerant 
Resistance to ampicillin (AmpR), kanamycin (KmR), and streptomycin (SmR). 
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washed with 1 ml saline (0.9 % w/v) to prevent interference in the Bradford protein 
assay by the 20mM HEPES buffer present in JMM. The cell pellet was stored at 
-2o0 c until required and then the cell protein content was determined using the 
Bradford protein assay. Samples of supernatant (1 ml) were precipitated with 0.3 
volume of a 1 % hexadecyltrimethylammonium bromide (CTAB) solution stored at 
28°C. Precipitated EPS was pelleted using the microfuge (12,000 g for 10 min) 
and the supernatant decanted. The pellet was dried thoroughly and redissolved in I 
ml of 10 % NaCl and stored at -20°C until required. The amount of EPS was 
assayed by the anthrone-H2SO4 method using glucose standards (0 to 100 µg.ml-
1) in 10 % NaCl. The anthrone-H2SO4 reagent was prepared just prior to the start 
of the experiment by dissolving 0.2 g anthrone in 100 ml cold diluted H2SO4 (200 
ml H2O diluted with 500 ml concentrated H2SO4). To 5 ml chilled reagent was 
added 1 ml of the appropriate carbohydrate solution carefully layered on top. The 
solution was mixed and then placed in a boiling water bath for 10 min and then 
cooled in cold water. The developed colour was read at 00620nm in a Hitachi U-
1100 spectrophotometer. 
4.2.4: EPS isolation for NMR spectroscopy 
EPS was isolated as described by Doherty et al. (1988) except that cells 
were grown in JMM minimal medium with glutamate (10 mM) as the nitrogen 
source. 
Purified EPS samples were dissolved in D20 (99.8 % ), dried and then re-
suspended in D20 to a concentration of 15 mg ml-1. Proton nuclear magnetic 
resonance (NMR) spectra were recorded on a Bruker ARX-500 spectrophotometer 
at 50°C. Chemical shifts were referred to chloroform (CDCl3) as the external 
reference. 
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4.2.5: Nodulation tests 
Nodulation tests were performed as described previously in Chapter 2. 
Small root-segments containing individual nodules were cut from Wirrega field pea 
plants and were then surface sterilised. The surface sterilisation procedure involved: 
1 min. in 70 % ethanol, 3 min in 4 % sodium hypochlorite, and 6 successive 
washes in sterile deionised H20. Nodules were crushed in a drop of sterile 0.9 % 
NaCl (w/v) and the contents streaked onto TY plates which were then incubated at 
28°C. Individual colonies were then tested for kanamycin resistance. 
4.2.6: Electron microscopy 
Nodule material was fixed overnight at 4°C in 3 % (w/v) glutaraldehyde in 
0.025 M phospate buffer at pH 7 .0. The samples were washed several times in 
0.025 M phospate buffer at pH 7.0 before post-fixation in 1 % (w/v) osmium 
tetroxide in 0.025 M phospate buffer for 2 h at room temperature. After several 
washes with 0.025 M phospate buffer (pH 7.0) the samples were left overnight at 
4°C in 1 % (w/v) aqueous uranyl acetate solution before dehydration with 30 %, 50 
%, 70 %, 90 % and finally 100 % acetone. Infiltration with Spurr's resin in acetone 
(Spurr, 1969) from 5 % to 90 % was accomplished in nine steps, each of 2 h 
duration at 4°C; then 100 % resin at room temperature for 2 h, before a final wash 
in 100 % resin for 5-8 h also at room temperature. 
The samples were embedded in fresh Spurr's resin at 60°C and left for 24 h to 
ensure complete polymerization. Sections were cut at approximately 90 nm and 
mounted on copper grids. 
Processing and preparation of the samples for electron microscopy was 
done by Gordon Thompson at the School of Biological and Environmental 
Sciences, Murdoch University. 
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4.2.7: Nucleotide sequence accession number 
The nucleotide sequence of the exoR gene of R. leguminosarum bv. viceae 
has been lodged with GenBank and has the accession number L39937. 
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4.3: RESULTS & DISCUSSION 
The mildly acid-sensitive mutant WR6-35 was isolated as part of the search 
for genes involved in the acid-tolerance of R. leguminosarum WSM710. The mild 
acid-sensitive phenotype displayed by this mutant is in contrast to the marked acid-
sensitivity of WRl-14, another mutant of R. leguminosarum WSM710. To 
establish whether Tn5 had actually caused this mildly acid-sensitive phenotype, 
cells of WSM710 were infected with the generalised transducing phage, RL38, 
which had previously been grown on WR6-35. Four out of four rhizobial 
transductants displayed both kanamycin resistance and the mildly acid-sensitive 
phenotype. The gene inactivated by Tn5 has been named act635, following the 
nomenclature of Goss et al. (1990). 
4.3.1: Restriction map of the act635 gene region. 
Rhizobial DNA flanking Tn5 was cloned from WR6-35 into the EcoRI 
restriction site of pBR322. This chimaeric plasmid was restriction mapped (Fig. 
4.1) and cut with BamHI and Eco RI to clone the rhizobial DNA flanking the IS50L 
or IS50R into the BamHI/EcoRI site of pUC18 to create pWR6-35L or pWR6-
35R, respectively. 
4.3.2: Sequencing and analysis of the act635 gene region. 
The DNA was further subcloned into pGEM-7Zf( +) using a variety of 
restriction enzyme sites found within the pWR6-35L and pWR6-35R plasmids. The 
DNA was then sequenced using the Applied Biosystems Automated DNA 
sequencer and the DyeTerminator Prism reaction kit from Applied Biosystems Inc. 
One custom primer (5'-CGA CCA TCT GAT GCT GTC-3') was synthesised, in 
the desalted form by Bresatec Ltd, to provide double stranded DNA sequence 
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Fig. 4.1. Restriction map of pWR6-35 
Restriction sites are as follows: B, BamHI; Bgl, Bglll; E, EcoRI; H, Hindlll 
(Scale lcm=lkb) 
information of the rhizobial DNA flanking the IS50L. The overall strategy used to 
sequence both strands of the DNA to entirety is shown in Fig. 4.2. 
The nucleotide sequence obtained (Fig. 4.3) has been lodged with GenBank 
and has been assigned the accession number L39937. The sequence was searched 
for potential open reading frames (ORF's) using the Mac Vector analysis 
programme. Using the ATG initiation codon, three ORF's (Fig. 4.4) were found 
that crossed the site of Tn5 insertion. ORFl starts at position 96 and ends at 
position 896. It has a putative ribosome binding site (5'-GAAAGAAA-3') located 9 
bp upstream of the ATG initiation codon. The other two ORF's are located on the 
complementary strand. ORF2 has no start codon in the sequence presented, but has 
a termination codon at position 529. ORF3 has an initiation codon starting at 
position 914 with a potential ribosome binding site immediately upstream (5'-
GAAAGG-3'). There is no termination codon for the latter ORF in the DNA 
sequence presented in Fig. 4.3. 
4.3.3: Similarity of the act635 gene region with other 
sequences. 
The DNA sequence (Fig. 4.3) was used to search for similarity in the 
GenBank database using the F ASTA algorithm from the programming facility at the 
University of Georgia (Devereux et al., 1984). The first 100 scores obtained were 
analysed and only one significant match was found. This match occurred with R. 
meliloti exoR (71.3 % identity over 892 bp) in the same orientation and over the 
entire length of ORFl. 
ORFl was converted into its corresponding amino acid sequence (see Fig. 
4.3) which was used to search for any similarity with other protein sequences 
(using the FASTA algorithm) submitted to the international databases. The protein 
encoded by ORFl had 70 % identity and 93.3 % similarity over 267 amino acids 














Strategy used to sequence the DNA at the point of Tn5 
insertion in the mutant R. leguminosarum bv. viceae 
WR6-35. 
Dashed line on arrow indicates the use of a custom 
primer while a solid line on an arrow indicates the use of 
either M13 Forward or Reverse primer for sequencing. 
Restriction sites are as follows: Bgl, BglII; E, EcoRl; H, 
Hindlll; and Ksp, Kspl. 





The nucleotide sequence of the DNA at the site of Tn5 insertion R. 
leguminosarum bv. viceae WR6-35. 
The undelined region represents a putative ribosome binding site while 
the boxed region represents the nine base pairs which were duplicated 
by Tn5 integration. 
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CCGCG GATCG CTCGC CTCGA AGGAA TACAA TTCGC GGATG CAGGG CGCGA GCGCC GTTGC 60 
* * * * * * 
CGCCT GCCTG AGATG AACGA AAGAA ATCGG TTTAA ATGGT GACGT CCGAG TTCAA ACTGT 
MetVal Thr SerGlu PheLys Leu> 
* * * * * * 
TCAAA TTCAT GCTGA TGGGC ATGTC GATAG CCGTC GCGCT GGCGC TGTCC GGTCC GTGCC 180 
PheLys PheMet Leu MetGly MetSer Ile AlaVal AlaLeu Ala LeuSer GlyPro Cys> 
* * * * * * 
GCGCA TTCGA TATCA AAGGC GGCGT CAGCA AGGAA TCCGG ACCCT TCGAC CTCTT CAAGT 240 
ArgAla PheAsp Ile LysGly GlyVal Ser LysGlu SerGly Pro PheAsp LeuPhe Lys> 
* * * * * * 
TCGGC TTCAA GGCCT ACAAG AACGG CCAGA AGGAA GAGGC GGTGG AAGCC TATAG ATACG 300 
PheGly PheLys Ala TyrLys AsnGly Gln LysGlu GluAla Val GluAla TyrArg Tyr> 
* * * * * * 
CCGCC GAAAA GGGGC ACACC GGCTC GCGCT GGGCG CTTGC CAACA TGTAT GCCGA TGGCG 360 
AlaAla GluLys Gly HisThr GlySer Arg TrpAla LeuAla Asn MetTyr AlaAsp Gly> 
* * * * * * 
ACGGG GTCAC CCAGG ATGAT TTCGA AGCCT TCAAG ATCTA TAGCG AGATC GCCCA GCAGG 420 
AspGly ValThr Gln AspAsp PheGlu Ala PheLys IleTyr Ser Glulle AlaGln Gln> 
* * * * * * 
GCGTC GAGCC CGGTT CGGAA GATAC CGGCT TCTTC GTCAA CGCGC TGCTC TCGCT CGCCA 480 
GlyVal GluPro Gly SerGlu AspThr Gly PhePhe ValAsn Ala LeuLeu SerLeu Ala> 
* * * * * * 
ACTAT TACAA GCACG GCATT GCCGG CAGCC CGGTC AGGAT CGACC TCAGC CAGGC ACGCC 540 
AsnTyr TyrLys His Glyile AlaGly Ser ProVal Arglle Asp LeuSer GlnAla Arg> 
* * * * * * 
AACTT TATTT CCAGG TGGCC TCCAC CTTTG GCGTC CCCGA AGCGC AGTTC CAACT GGCGC 600 
GlnLeu TyrPhe Gln ValAla SerThr Phe GlyVal ProGlu Ala GlnPhe GlnLeu Ala> 
* * * * * * 
AGATG ATGCT CGCCG GCGAG GGCGG CAATG CCAGC CCGCA GCAGG CGAAG AAATG GTTGA 660 
GlnMet MetLeu Ala GlyGlu GlyGly Asn AlaSer ProGln Gln AlaLys LysTrp Leu> 
* * * * * * 
ACCAG GCCCG CAAGA GCGGC CATCC CGGCG CCATG GCGGT CTTCG GCAAT ATCCT GTTCG 720 
AsnGln AlaArg Lys SerGly HisPro Gly AlaMet AlaVal Phe GlyAsn IleLeu Phe> 
* * * * * * 
ACGAA GGCCA GACGG CCCGT GGTCT TGCGC TGATG ACGGC GGCAC TCGAC C~CTG CAAGC 780 
AspGlu GlyGln Thr AlaArg GlyLeu Ala LeuMet ThrAla Ala LeuAsp ArgCys Lys> 
* * * * * * 
~AAG GACTG TGGCT GGATG GAAGC GTTGC AGGAG CAGGC CTTCT CTGTT GCGAA CGAGG 840 
ProLys AspCys Gly TrpMet GluAla Leu GlnGlu GlnAla Phe SerVal AlaAsn Glu> 
* * * * * * 
CCGAC CGCCG CACGG CGGTA TCCCT CTCGC ACAGC ATCGC GACCG GTTCC GACGA CTAGA 900 
AlaAsp ArgArg Thr AlaVal SerLeu Ser Hisser IleAla Thr GlySer AspAsp> 
! I I I 
~"~~------------------- -- -- --- -- I 
* * * * * * 
GGAGT GCCGT GCATC CTTTC GGACC CACGG CACGG TAAGG CGGAA AAGCC TCAGC CTGCA 960 
* * * * * * 
AAATC GAAAT AGGCG ATAAC AGGCA CGTGG TCGGA CGGCT TTTCC CAAGC CCGCA CATGT 1020 
* * * 
TTCTC GATCG CGGCC GACGT CATCC GGTCG GCGGC TT 1057 
! I . I 1 
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Nucleotide position of 
Tn5 insertion 
Open reading frames (ORF's) in the 1.057 kbp DNA sequence 
obtained from R. leguminosarum bv. viceae WR6-35 at the 
1000 
site of Tn5 insertion. ORF's were generated in all 6 possible frames 
by Mac Vector using the universal start codon and a span of 125 
amino acids. The empty boxes represent ORFs of one strand while 
the filled box represents an ORF on the other strand. 
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the DNA and protein level which suggests that the gene inactivated by Tn5 in WR6-
35 is in fact an allele of the exoR gene of R. meliloti. The hydrophilicity profiles of 
R. leguminosarum Act635 and R. meliloti ExoR calculated through the Mac Vector 
analysis programme reveals that they are extremely similar over the entire length of 
the proteins as shown in Fig. 4.5. It is interesting to note that the exoR gene of R. 
leguminosarum WSM710 encodes a protein with a pl of 5.5, while R. meliloti 
exoR encodes a protein with an estimated pl of 7 .2. 
In R. meliloti, exoR encodes a protein product which regulates the amount 
of EPS it produces (Doherty et al., 1988). This protein is a negative regulator that 
does not appear to contain the classical helix-turn-helix motif, nor to share any other 
conserved domain with other DNA binding proteins. 
4.3.4: EPS production data and NMR spectroscopy 
If act635 is a regulatory gene involved in exopolysaccharide production, it 
would be expected that the amount of EPS produced should differ between the 
mutant, WR6-35, and the wild-type, WSM710. The amount of EPS produced by 
WR6-35 is approximatedly 2-fold higher than its wild-type over the 25 h period 
investigated (Fig. 4.6). The 2-fold higher production of cetrimide-precipitable 
material by WR6-35 compared to its wild-type is significantly lower than the 220-
fold higher production of cetrimide-precipitable material by the R. meliloti 
exoR::Tn5 mutant (in a medium containing ammonia) compared to its wild-type 
Rm1021 (Doherty et al., 1988) investigated over a 72 hour period. It is anticipated 
that by increasing the length of time of the experiment (beyond 25 h) would result 
in significantly higher levels ofEPS being produced by WR6-35 compared to that 
produced by the wild-type. It is interesting to note that the amount of EPS produced 
by either WR6-35 (28 mg cetrimide precipitable material per mg cell protein) or its 
wild-type (14 mg cetrimide precipitable material per mg cell protein) at the end of 
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Hydrophilicity analysis of the translated nucleotide sequence of the exoR 
gene of Rhizobium meliloti Rml021 ( Rm ExoR) and the act635 gene of 
Rhizobium leguminosarum bv. viceae WSM710 (Rl Act635) using the 
Mac Vector analysis programme and a window size of 7. Positive values 
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Fig. 4.6. Cetrimide precipitable exopolysaccharide produced by R. 
leguminosarum bv. viceae WSM710 grown in the presence of 10 
( •) or 4 mM ( -tr) glutamate and WR6-35 ~rown in 
the presence of 10 ( -a-) or 4 mM glutamate ( V- ). 
exoR::Tn5 mutant (11.2 mg cetrimide precipitable material per mg cell protein) or 
its wild-type Rm.1021 (<0.05 mg cetrimide precipitable material per mg cell protein) 
after a 72 h incubation. Although not tested, it is possible that the observed 
difference in the relative amounts of EPS may reflect the type or amount of nitrogen 
source used in the study of EPS production. 
In addition, if a nitrogen source ( either glutamate or ammonium chloride) 
was limiting (see Fig. 4.6), then neither WR6-35 or WSM710 was able to produce 
any cetrimide precipitable EPS. In contrast to these results, R. meliloti Rm.1021 
showed a 32-fold increase in the amount of cetrimide precipitable material in 
ammonia-free medium when compared with a medium containing ammonia 
(Doherty et al., 1988). In addition, a mutation in exoR of R. meliloti Rm.1021 
causes essentially the same levels of exopolysaccharide to be produced regardless 
of the presence or absence of ammonia in the medium. This led these investigators 
to suggest that exoR in R. meliloti is modulated by the level of ammonia in the 
medium. 
A mutation in exoR would be expected to alter the amount but not the type 
of EPS produced. lH-NMR studies have been extensively used to characterise EPS 
structure (Aman et al., 1981; McNeil et al., 1986; Canter Cremers et al., 1991) and 
would provide a sensitive way of probing for any change in the type of EPS 
produced by either an exoR mutant or its wild-type. lH-NMR spectra of 
exopolysaccharide produced by either WSM710 (Fig. 4.7) or WR6-35 (Fig. 4.8) 
are superimposable providing evidence that no modification of the EPS has 
occured. The data presented in this chapter provides evidence that Tn5 has inserted 
into a regulatory gene (exoR) of polysaccharide synthesis of R. leguminosarum 
biovar viceae WSM710. 
The 1 H-NMR spectrum of the repeating units of the acidic 
heteropolysaccharide produced by strain WSM710 orWR6-35 were found to be 
very similar to the 1 H-NMR spectrum (McNeil, et al., 1986) of EPS produced by 
other strains of R. leguminosarum. The latter polysaccharides consist of branched 
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Fig.4. 7. Proton NMR of exopolysaccharide produced by R. leguminosarum bv. 
viceae WSM710. The assignments are as follows: ac, methyl protons of the 
acetyl groups; es, methylene protons of the 3-hydroxybutanoic ester; HDO, 
hemideuterated water; pyr, methyl protons of the 1-carboxyethylidene 
(pyruvate) groups; ring, ring protons of the sugars; sa, methyl protons of 
sodium acetate (a contaminant of repeating units; McNeil et al., 1986); ss, 
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Fig.4.8. Proton NMR of exopolysaccharide produced by R. leguminosarum bv. 
viceae WR6-35. The assignments are as shown in Fig. 4.7. 
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octasaccharide repeating units containing pyruvyl, O-acetyl, and 3-hydroxybutanoyl 
substitutions (Leigh & Coplin, 1992). The amount and pattern of non-carbohydrate 
substitution may vary slightly between bacterial strains (Leigh & Coplin, 1992). 
The correlation of this variation with host specificity has been controversial. The 
lH-NMR spectrum ofEPS produced by WSM710 orWR6-35 displayed in 
addition to carbohydrate signals, typical resonances of pyruvate (CH3, oH, 1.35 to 
1.45 ppm), acetate (CH3, oH, 2.1 to 2.2 ppm), and 3-hydroxybutyrate (CH3, oH, 
1.3 ppm; CH2, oH, 2.65 ppm). 
4.3.5: Nodulation tests 
All of the acid-sensitive mutants used in this thesis, including WR6-35, 
nodulated their respective legume hosts (established in Chapter 2). Inoculation of 
alfalfa seedlings with the R. meliloti exoR::Tn5 mutant resulted in the formation of 
nodules but they did not all contain rhizobia (Doherty et al., 1988). Some medic 
plants had only small white nodules (no rhizobial cell occupancy; no N2-fixation), 
some had pink nodules (occupied by rhizobial cells; 50 % fixed N2), while others 
had a mixture of both pink and white nodules. It was found by Doherty et al. 
(1988) that pink nodules contained pseudorevertants that had acquired mutations 
that suppressed the mucoid phenotype caused by Tn5. 
Wirrega field pea plants inoculated with WR6-35 typically displayed large 
pink/red nodules. Unlike the case seen for the nodulation of alfalfa seedlings by R. 
meliloti exoR::Tn5, none of the Wirrega field pea plants inoculated with WR6-35 
had only white nodules (Fig. 4.9). A few small white nodules were sometimes 
observed on plants inoculated with WR6-35, but they were also seen on plants 
nodulated by WSM710. Kanamycin-resistant bacteria could be isolated from all 
small white nodules that appeared on plants inoculated with WR6-35. Transmission 
electron micrographs (Fig. 4.10 A & B) of cross-sections of nodules from either 
small white or the more common large pink/red nodules showed no difference to 
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Fig. 4. 9 . N odulation of Wirrega field pea by Rhizobium le guminosarum bv. viceae 
WSM710 (A) and WR6-35 (B). 
I , 
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Fig.4.10. Cross sections of nodules of Wirrega field pea inoculated with 
Rhizabium leguminosarum bv. viceae WSM710 (A) and WR6-35 (B) 
as viewed by electron microscopy. 
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may be linked to slight perturbations in other cell processes associated with 
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CHAPTER 5 
RHIZOBIUM MELILOTI HAS A PRESUMPTIVE pH-RESPONSIVE 
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5.1: INTRODUCTION 
Mutant TGS-46 has an acid-sensitive phenotype (Chapter 2) and contains 
only one copy of Tn5 (Goss et al., 1990). This strain fails to grow below pH 6.0 in 
the presence of low concentrations of calcium (Goss et al., 1990; Chapter 2) but 
grows at pH 5.7 if the concentration of calcium is increased to 5 mM or more 
(Chapter 2). With respect to the response to calcium at acidic pH, TGS-46 is similar 
to TG2-6, and hence both of these mutants fall into the calcium repairable category. 
To understand the function of the gene (act546) disrupted by Tn5 in this 
mutant, Tn5 and the rhizobial flanking sequences were cloned and sequenced. In 
this chapter the DNA sequence of the act546 gene is presented along with the 
predicted nature of the protein. This chapter shows that the act546 gene is likely to 
encode a regulator belonging to the two component sensor/regulator family whose 
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5.2: MATERIALS AND METHODS 
5.2.1: Bacterial strains and plasmids. 
The bacterial strains and plasmids used in this study are listed in Table 5.1. 
5.2.2: Gene replacement. 
The plasmid pJQ5-46 was mobilised into R. meliloti WSM419 by 
performing a triparental mating with DH5a (pJQ5-46), HB 101 (pRK2013) and R. 
meliloti WSM419. R. meliloti transconjugants were selected on JMM media 
containing 1 mM calcium, 20 µMiron, 5 % sucrose (w/v) and 50 µg m1-l 
kanamycin. Kanamycin-resistant colonies were tested for acid-sensitivity by 
patching cells onto JMM at pH 7 and then onto JMM containing 1 mM calcium at 
pH 5.7. 
5.2.3: Oligonucleotide primers. 
One custom primer was used which contained the following sequence: 5-
46L Smal 5'- CGT AGA CGC GCT GGA TAT GC -3' (position 1087 to 1068 of 
the act546 gene region in Fig. 5.2). This primer was synthesised by Bresatec Ltd 
and purchased in the desalted form. 
5.2.4: Accession number. 
The nucleotide sequence presented in this Chapter has been submitted to 
GenBank and has the following accession number L39938. 
8 1 
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Bacterial strains and plasmids 
Relevant charateristics 
p- qi80dlacZ~15 recAl endAl gyrA96 
thi-1 hsdRl 7 (rK-mK+) supE44 relAl 
deoR ~(lacZYA-argF)U169 
p- thi-1 hsdS20 (113-mB-) supE44 recA13 
ara-14 leuB6 proA2 lacY1 ,psL20 (SmR) 
xyl-5 mtl-1 
AcidT isolate from Sardinia 
Tn5-induced acids mutant ofWSM419; KmR 
Cloning vector; AmpR, TetR 
Cloning vector; AmpR 
Gene replacement vehicle; GmR, Sues 









J. Howieson t 
Goss et al. (1990) 
Bolivar et al. (1977) 
Promega Corporation 
Quandt & Hynes 
(1993) 
cloned into the Smal site of pJQ200; GmR, KmR, SucS This study 
The KmR Clal fragment of TGS-46 cloned into the This study 
Clal site ofpGEM7Zf(+); AmpR, KmR 
The KmR EcoRI fragment from TGS-46 cloned This study 
into the EcoRI site of pBR322; AmpR, KmR 
BamHI/EcoRI fragment of pTGS-46 containing left This study 
inverted repeat of Tn5 and associated rhizobial 
flanking sequences cloned into the BamHI/EcoRI 
site of pUC18; AmpR, KmR 
BamHI/EcoRI fragment of pTGS-46 containing right This study 
inverted repeat of Tn5 and associated rhizobial flanking 
sequence cloned into the BamHI/EcoRI site of 
pUC18; AmpR 
Cloning vector; AmpR Y anisch-Perron 
et al. (1985) 
t Western Australian Department of Agriculture. 
Abbreviations: 
I ! 
Acids, acid sensitive; AcidR, acid-tolerant; Sues, sucrose sensitive 
Resistance to ampicillin (AmpR), gentamycin (GmR), kanamycin (KmR), 
streptomycin (SmR) and tetracycline (TetR). 
I . 
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The techniques for DNA manipulation, sequencing, analysis and database 
searches have previously been described in Chapter 3. 
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5.3: RESULTS & DISCUSSION. 
5.3.1: Gene replacement strategy 
The method of Selbitschk:a et al. (1993) was used as a gene replacement 
strategy in Chapter 3. The delivery vehicle in this method is the plasmid pWS233 
which contains the pBR322 origin of replication. This method is less efficient than 
is desirable because this plasmid survives in cells ofWSM419 for some time thus 
providing a high background of slow growing colonies which mask the small 
number of colonies containing genuine replacements. Plasmid pGS9, derived from 
pACYC (Selveraj & Iyer, 1983), has been used as an effective suicide delivery 
vehicle in WSM419 and no background was obtained using this vector for Tn5 
mutagenesis. The pACYC based vector pJQ200 (Quandt & Hynes, 1993) was 
therefore used as a suicide delivery vehicle for gene replacement. 
The rhizobial sequences flanking the site of Tn5 insertion in TGS-46 have 
been cloned into pUC18 to form the construct pTGS-46 (Goss et al., 1990) as 
shown in Fig. 5.lA. The EcoRI fragment containing Tn5 was cut from pTGS-46, 
end-filled, and cloned into the Smal site of pJQ200 to create pJQS-46. This 
construct was then mobilised into R. meliloti WSM419. Transconjugants were 
readily obtained which were kanamycin and sucrose resistant and acid-sensitive 
indicating that Tn5 is the causative agent of the observed acid-sensitive phenotype. 
Following the nomenclature of Goss et al. ( 1990), the name of the gene 
inactivated by Tn5 in the mutant TGS-46 was originally designated as act546. 
5.3.2: Sequencing and analysis of act546. 
The plasmid pTGS-46 was cleaved with BamHI and EcoRI and the 
rhizobial sequences containing either the left or right inverted repeat of Tn5 were 
cloned into BamHI/EcoRI digested pUC18 to form either pTG5-46L or pTG5-46R, 
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Fig. 5.1. Restriction mapping of the act546 gene region in R. meliloti WSM419. 
A. Restriction map of pTG5-46 as determined by Goss et al. (1990). 
B. Amended restriction map of pTG5-46 as determined in this study 
Scale: 1 cm = 1 kb 
Restriction sites as follows: B, BamHI; Bgl, Bglll; E, EcoRI; Ev, EcoRV; 
H, Hindlll; Hpa, Hpal; K, Kpnl; S, Sall; and Sm, Smal. 
! I_ I I 
respectively. To sequence the act546 gene in double stranded form, the flanking 
rhizobial DNA was further subcloned using a variety of restriction enzymes. During 
the subcloning of DNA from pTG5-46, it was established that the Kpnl and Hpal 
sites originally reported in the rhizobial DNA flanking the IS50R of Tn5 by Goss et 
al. (1990) were incorrect; the restriction map of pTG5-46 has therefore been 
amended to that shown in Fig. 5.lB. The Applied Biosystems Automated DNA 
Sequencer was then used to sequence the remaining DNA in a double stranded 
form. The DNA flanking the site of Tn5 insertion was first sequenced from the 
EcoRI site on the rhizobial DNA flanking the IS50R (Fig. 5.1 B) to the EcaRV site 
on the rhizobial DNA flanking the IS50L (Fig. 5.1 B). The sequencing data (Fig. 
5.2) confirmed the amended restriction map (Fig. 5.lB) and also established the 
presence of an additional Smal site on the rhizobial DNA flanking the IS50R 
separated by only two bases from the previously identified site. 
Open reading frame analysis of the DNA sequence from Eco RI 1 (Eco RI site 
starting at base position 1) to EcaRV1240 using the Mc Vector programme revealed 
the presence of two open reading frames (ORF's) which spanned the site of Tn5 
insertion. ORFl started at position 804 and continued beyond the EcaRI1 site. 
There was a potential ribosome binding site (5'-GGAGA-3') sequence starting 17 
bp upstream of the initiation codon. ORF2 started at position 598 and ended at 1179 
and has a potential ribosome binding site (5'-GAGAAA-3') starting 5 bp upstream 
from the start codon. 
5.3.3: DNA and protein homology of act546 to sequences in the 
databases. 
The FAST A programme was used to search the GenBank and EMBL 
databases for nucleic acid similarity. The nucleotide sequence of the EcaRI1 to 
EcaRV1240 rhizobial DNA fragment shows similarity in sequence to genes like 
reg A, prrA, pilR, cobA,fixJ, hydG and ntrC (Table 5.2). These genes encode 
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Fig. 5.2. The nucleotide and translated sequence of the DNA of the act546 gene of 
R. meliloti WSM419. Potential ribosome binding sites are underlined. 
The boxed region represents the nine base pairs which were duplicated by 
Tn5 integration into act546. 
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GAATT CGGAA TCGAA ATCGA GCTGA AGGAG CAGGG CGAAC GCGCC ACGGA 50 
* * 
GCCCG TCGGC ATCCG CAATG CAGGC ATTCT CTATG GCCTG GGAAA CCTGC 100 
* * 
TGGAA AACGC GGTCG ACTAT GCGCG CAAGA AAGTG ACGGT CACGA CGGAG 150 
* * 
CACAC GCCCG AGCGC GTACG GGTGA CGATC GAAGA CGACG GCGAA GGTTT 200 
* * 
TTCGC CGGAT ATCCT GGCGC GGATC GGCGA ACCCT ATGTG ACGCG GCGTC 250 
* * 
AGAAG GACGA CAGTG CCGGC GGGCT CGGGC TCGGG CTCTT CATCG CCAAG 300 
* * 
ACGCT GCTCG AGCGT TCGGG TGCCC GGCTG CGCTT CGAGA ACGGT GGAGC 350 
* * 
CAAAC ACCCG GGTGC CCGGG TCAGC GTCGA ATGGC CGCGC GCGCT GATGG 400 
* * 
ACTCG AAACT GGCGA AATGA CTTTT GGCAG TTTAT TGAAG ACAAG CGTGG 450 
* * 
GAAAA CCCAC ATGAC TGCCG GCAAA ACAAC AGCTT GCCGA CTGCA GTTCC 500 
* * 
TTTGG TCCCA CCGTT CAAAG GACAT GCGGA AACTG TTACA GGTTA CAGAA 550 
* * 
GCCAT TGCGC GTCCG GCTGG ACGCG CGGCG CTGTA GGGGT TTGAG AAATG 600 
Met> 
* * 
ATCGA AAAGT CGACG CCTGC GCCAA TCACC CACGC CGCGG ATGCG GACCT 650 
IleGlu Lys SerThr ProAla Pro IleThr HisAla Ala AspAla AspLeu> 
* * 
GATCG GACCC!GACAA GAGQC TTCTG ATCGT CGATG ACGAC ACCGC TTTTC 700 
Ile GlyPro AspLys Ser LeuLeu IleVal Asp AspAsp ThrAla Phe> 
* * 
TGCGG CGCCT CGCCC GCGCG ATGGA AGCGC GCGGC TTCGC GGTAG AGATC 750 
LeuArg ArgLeu Ala ArgAla MetGlu Ala ArgGly PheAla Val Gluile> 
* * 
GCCGA GTCGG TTGCC GAAGG CATAG CCAAA GACAA GACTC GGCCA CCGAA 800 
AlaGlu Ser ValAla GluGly Ile AlaLys AspLys Thr ArgPro ProLys> 
* * 
ACATG CAGTC ATCGA TCTCC GCCTT GGCGA CGGCA GCGGT CTCGA CGTGA 850 
His AlaVal IleAsp Leu ArgLeu GlyAsp Gly SerGly LeuAsp Val> 
* * 
TCGAG GCAAT CCGCG GGCGT CGCGA CGACA CGCGG ATGAT CGTTC TAACG 900 
IleGlu Alaile Arg GlyArg ArgAsp Asp ThrArg Metile Val LeuThr> 
* * 
GGTTA TGGTA ATATC GCGAC CGCGG TCAAC GCCGT GAAGC TCGGA GCGCT 950 
GlyTyr Gly Asnile AlaThr Ala ValAsn AlaVal Lys LeuGly AlaLeu> 
* * 
CGACT ATCTG GCAAA ACCGG CGGAC GCCGA TGACA TTCTC GCAGC ATTGA 1000 
Asp TyrLeu AlaLys Pro AlaAsp AlaAsp Asp IleLeu AlaAla Leu> 
* * 
TTCAG CGCCC GGGCG AACGG GTAGA GCCCC CGGAG AACCC CATGT CGGCG 1050 
IleGln ArgPro Gly GluArg ValGlu Pro ProGlu AsnPro Met SerAla> 
* * 
GACCG CGTCC GATGG GAGCA TATCC AGCGC GTCTA CGAAA TGTGC GAACG 1100 
AspArg Val ArgTrp GluHis Ile GlnArg ValTyr Glu MetCys GluArg> 
* * 
CAATG TTTCG GAAAC GGCGC GCCGG CTAAA CATGC ACCGG CGGAC CTTGC 1150 
Asn ValSer GluThr Ala ArgArg LeuAsn Met HisArg ArgThr Leu> 
* * 
AGCGC ATTCT GGCGA AACGG GCCCC GAAAT AGGCC GGCGG CGGAT GAGGG 1200 
GlnArg IleLeu Ala LysArg AlaPro Lys> 
* 
GCAAA TCTCG GGAGC GCTCT AGTCC CGCCC CCCGC TTACG ATATC 
'i I 
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TABLE 5.2 
Similarity of act546 with regulators involved in signal transduction. 
Gene Nucleic acid similarity Organism System Accession number 
over number % 
of bases 
regA 532 69 Rhodobacter Photosynthesis M64976 
capsulatus 
prrA 649 66.6 Rhodobacter Photosynthesis L25895 
sphaeroides 
regA 649 66.6 Rhodobacter Photosynthesis X76559 
sphaeroides 
pilR 564 55.3 Pseudomonas Zl2154 
aeruginosa Pilin 
372 55.6 Pseudomonas synthesis M83311 
aeruginosa L22436 
cobA 208 59.6 Pseudomonas Nitrogen M59236 
denitrificans regulation 
fixJ 444 55.6 Azorhizobium Nitrogen X56658 
caulinodans fixation 
hydG 162 54.9 Salmonella Hydrogenase M64988 
typhimurium synthesis 
ntrC, 317 53.6 Klebsiella Nitrogen X02617 
pneumoniae regulation 
Top 8 scores ordered on the basis of the highest to lowest initn score. 
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regulator components of sensor-regulator protein pairs which are involved in signal 
transduction in prokaryotes (Stock et al., 1989; Parkinson & Kofoid, 1992). The 
majority of regulator sequences align to the first half of the nucleotide sequence of 
ORF2 (in the same orientation) on the EcoRI1 to EcoRVI240 rhizobial DNA 
fragment. Interestingly, the DNA sequence of reg A from Rhodobacter capsulatus 
and R. sphaeroides, and prrA from R. sphaeroides, aligned over the entire 
sequence of ORF2. 
Both ORF's were converted into their corresponding amino acid sequence 
and the proteins obtained were used to search for homology in the databanks using 
the FAST A programme. As expected from the orientation of the nucleotide 
alignment, the ORF2 protein showed similarity with the regulator proteins and no 
homology was found to the potential protein encoded by ORFl. Hence, it is ORF2 
which has been designated as act546 and tentatively identified as coding for a 
regulatory protein. This gene would encode a potential protein of 193 amino acids 
(see Fig. 5.2) with an estimated molecular weight of 21,463 D and a pl of 8.3. The 
sequences giving the 100 best scores from the FASTA programme were examined 
and the characteristics of the 24 highest scoring proteins are summarised in Table 
5.3. The majority of similarity occurred between the N-terminal region of the 
regulators and the N-terminal region of Act546. The programme CLUSTL V was 
used to align ten selected sequences with Act546 and the results are shown in Fig. 
5.3. Only the amino termini of the regulatory proteins have been shown as there 
was no match to the residues after the conserved lysine for the sequences 5 to 11. 
As the figure shows, the invariant aspartate and lysine residues conserved between 
regulatory proteins are also found in Act546 and have been boxed. Other conserved 
residues among the ten selected sequences include glycine at position 81 and 116 
(Gly-81, -116) and alanine at position 117 (Ala-117). The Asp-30, Asp-73 and 
Lys-123 residues of Act546 would appear to correspond to the residues Asp-13, 
Asp-57 and Lys-109 in CheY. It has been proposed that these N-terminal amino 
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TABLE 5.3 
Similarity of Act546 with regulators involved in signal transduction. 
Protein Protein match Organism System 
over number % % 
of amino identity similarity 
acids 
PrrA 176 69.3 94.9 Rhodobacter Photosynthesis 
sphaeroides 
RegA 176 70.5 92.6 Rhodobacter Photosynthesis 
capsulatus 
RegA 176 67.0 92.6 Rhodobacter Photosynthesis 
sphaeroides 
AlgB 132 31.8 78.0 Pseudomonas Alginate biosynthesis 
aeruginosa 
NwsB 148 33.1 72.3 Bradyrhizobium Nodulation 
japonicum 
PilR 121 34.7 73.6 Pseudomonas Pilin synthesis 
aeruginosa 
121 34.7 73.6 Rhizabium Pilin synthesis 
NtrC 125 31.2 78.4 Klebsiella 
pneumoniae Nitrogen regulation 
DctD 126 29.4 76.2 Rhizabium C4-dicarboxylate 
leguminosarum metabolism 
FixJ 146 30.8 74.7 Azarhizobium Nitrogen fixation 
caulinodans 
NtrC 126 28.6 77.8 Escherichia coli Nitrogen regulation 
FixJ 147 29.3 76.2 Rhizabium meliloti Nitrogen fixation 
DctD 123 28.5 76.4 Rhizobium meliloti C4-dicarboxy late 
metabolism 
OmpR 108 30.6 73.1 Escherichia coli Porin synthesis 
HPlt 111 30.6 71.2 Xanthomonas Unknown 
campestris 
TctD 127 26.8 78.0 Salmonella Tricarboxylate 
typhimurium transport 
BasR 162 21.6 67.3 Escherichia coli Unknown 
PmrA 123 26.8 74.0 Salmonella Virulence 
typhimurium 
LuxO 102 34.3 77.5 Vibrio harveyi Luminescence 
regulation 
KdpE 161 29.2 67.1 Escherichia coli Turgor pressure 
RteB 127 24.4 71.7 Bacteroides Tetracycline 
thetaiotaomicron resistance 
OmpR 125 30.4 70.4 Salmonella Porin synthesis 
typhimurium 
NarL 128 21.9 73.4 Escherichia coli nitrate/nitrite 
FixJ 118 26.3 67.8 Bradyrhizobium Oxygen/Nitrogen 
japonicum fixation 
tHPl, Hypothetical protein 1. 
Top 24 scores of matches with identity to act546 ordered on the basis of highest to lowest initn 
score. 
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1. Rm Act546 
2. Rs PrrA 
3. Re RegA 
4. Rs RegA 
5. Pa AlgB 
6. Bj NwsB 
7. Ac FixJ 
8. Rm FixJ 
9. Ee BasR 
10.Ec KdpE 
11.Ec NarL 
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3 . Re RegA 
4. Rs RegA 
5. Pa AlgB 
6. Bj NwsB 
7. Ac FixJ 
8. Rm FixJ 
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Fig. 5.3. The alignment of Act546 with the N-terminal regions of other response 
regulators. All of the residues conserved among the response regulators are 
highlighted with asterisk. Similar residues are highlighted with a dot. The 
highly conserved aspartic acid and lysine residues are boxed.The sequences 
are from the following sources: 1, Act546 (Rhizobium meliloti); 2, PrrA 
(Rhodobacter sphaeroides); 3, RegA (Rhodobacter capsulatus); 4, RegA 
(Rhodobacter sphaeroides); 5, AlgB (Pseudomonas aeruginosa); 6, NwsB 
(Bradyrhizobium aponicum); 7, FixJ (Azorhizobium caulinodans); 8, FixJ 
(Rhizobium meliloti); 9, BasR (Escherichia coli); IO, KdpE (Escherichia coli); 
and 11, NarL (Escherichia coli). 
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found to be the case for CheY (Stock et al., 1989). It has been suggested that this 
region of the response regulator corresponds to an active site in these proteins 
consistent with the finding that Asp-57 is phosphorylated in CheY (Stock et al., 
1989). 
It is interesting that PrrA, RegA, FixJ and N arL belong to regulatory 
systems that sense oxygen. It is a possibility that Act546 also responds to the level 
of oxygen in the environment although the role of oxygen in acid-tolerance in 
Rhizobium is unknown. 
In contrast to the other proteins, RegA from R. capsulatus and R. 
sphaeroides and PrrA from R. sphaeroides showed a high degree of similarity with 
Act546 over the entire amino acid sequence. The Act546 protein showed 70.5 % 
and 67 % identity to the RegA protein from R. capsulatus and R. sphaeroides, 
respectively, and 92.6 % similarity to RegA from either species. PrrA, which is 
closely related to RegA, showed 69 .3 % identity and an even higher degree of 
similarity (94.9 % ) with Act546 (Table 5.3). 
The specificity of the CLUSTL V analysis has been increased by aligning the 
PrrA and RegA proteins to Act546 as shown in Fig. 5.4. In this case, the 
conserved residues are found to align over the whole sequence of Act546. The 
highest degree of similarity would appear to occur in the carboxyl terminus. Using 
the algorithm of Kyte & Doolittle, the hydrophilicity profile of each of these 
proteins was constructed (Fig. 5.5). A comparison of the N-terminal region of each 
of these proteins establishes that although Act546 has a different hydrophilicity 
profile for the N-terminus, it has an identical hydrophilicity profile to the carboxyl 
region of these proteins. This unusually high degree of similarity between the 
carboxy 1 domains suggests that these proteins might have a similar mode of action. 
Both RegA and PrrA function to control expression of genes involved in 
photosynthesis in response to oxygen. These regulatory proteins are responsible for 
trans-activating expression of the photosynthetic apparatus under oxygen 
deprivation conditions. RegA functions to induce the puc, puf or puh operons 
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Fig. 5.4. The alignment of Act546 with three other response regulators. All of the 
residues conserved among the response regulators are highlighted with 
asterisk. Similar residues are highlighted with a dot.The highly conserved 
aspartic acid and lysine residues are boxed.The sequences are from the 
following sources: 1, Act546 (Rhizobium meliloti); 2, PrrA (Rhodobacter 
sphaeroides); 3, RegA (Rhodobacter capsulatus); and 4, RegA 
(Rhodobacter sphaeroides). 
I I·. 
Fig. 5 .5. Hydrophilicity analysis of the translated nucleotide sequence sequences 
of genes containing response regulator domains using the Mac Vector 
analysis programme and a window size of 7. Positive values indicate 
hydrophilic regions; negative values indicate hydrophobic regions. The 
sequences are from the following sources: 1, Act546 (Rhizabium 
meliloti); 2, PrrA (Rhodobacter sphaeroides); 3, RegA (Rhodobacter 
capsulatus); and 4, RegA (Rhodobacter sphaeroides). 
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under anaerobic conditions (Sganga & Bauer, 1992). A regA mutant is still able to 
form photosynthetic spectral complexes, but is unable to photosynthesise under 
conditions of low light. PrrA is thought to be a global regulator of photosynthetic 
gene expression which functions to induce cytoplasmic membrane invagination 
required to encapsulate the photosynthetic spectral complexes under anaerobic 
conditions (Eraso & Kaplan, 1994). Under appropriate conditions, PrrA positively 
regulates the transcription of cycA, puc, puf and puhA. Unlike regA mutants, a 
mutation in prrA completely abolishes the ability of the cell to photosynthesise. 
Since strains of R. meliloti do not photosynthesise, the unusually high degree of 
similarity between these regulators is more likely to reflect the mechanism used to 
regulate gene expression. 
Response regulators show similarity in the N-terminal domain but all have a 
different adaptive response. These response regulators have been subgrouped into 
several classes based on the similarity of the carboxyl termini. The main classes 
include the NtrC subclass, OmpR subclass, and FixJ subclass (Stock et al., 1989; 
Bourret et al., 1991). Using a different selection criterion, Parkinson & Kofoid 
(1992) have designated these as the ROII and ROIII, and ROIV classes. 
It has been suggested by Eraso & Kaplan ( 1994) that PrrA and RegA be 
placed into a new subgroup since the C-terminal ends are not similar with other 
regulators. I propose that Act546 constitutes a new member of this group. These 
members have no homology in the carboxy terminus with any other existing 
response regulators. In addition, these proteins do not appear to contain a known 
DNA binding motif. One possible mode of regulatory action could result from 
interaction of the subunits of Act546 to form a multimer which has a DNA binding 
capability. This mechanism is typically exhibited by those proteins with poor DNA-
binding domains (such as the arg repressor). Alternatively, RegA, PrrA or Act546 
could act as intermediaries by interacting with other proteins (such as a repressor or 
another DNA-binding protein) which also could bind to regulatory regions of the 
target genes. 
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The response regulatory proteins interact directly or indirectly with a sensor 
protein, the two being called two component sensor-regulatory protein pairs. The 
sensor component detects an environmental stimulus through its N-terminal domain 
and activates the C-terminal kinase activity of the sensor protein (Stock et al., 
1989). Activated sensor protein phosphorylates the N-terminal domain of 
regulatory protein and this phosphorylated regulator is then important for executing 
the response. Different sensors show homology at the C-terminal region since this 
is the domain that contains kinase activity. The gene encoding the sensor protein 
component is often located near the regulator gene (Wanner, 1992). It is therefore 
plausible that a sensor gene is located next to the act546 gene. The DNA sequence 
of the rhizobial DNA flanking the IS50L gave no match to any sequences encoding 
a sensor or kinase component. It was therefore decided to search upstream of the 
regulator to find a potential sensor encoding region. However, since the rhizobial 
DNA fragment flanking the IS50R of pTG5-46 ended at the EcoRI site 
approximately 0.6 kb from Tn5, it was necessary to clone another genomic DNA 
fragment from TG5-46 in order to obtain more sequence information. 
5.3.4: Cloning the rhizobial flanking sequences using Clal. 
A Clal fragment carrying kanamycin resistance was cloned from TG5-46 
into the Clal site of pGEM-7Zf( +) to form pRT5-46Cla. The restriction map of this 
fragment is shown in Fig. 5.6 and provided approximately 2.5 kb of DNA after the 
EcoRI site on the right-hand flanking sequence. 
5.3.5: Sequencing and analysis of the DNA upstream from act546. 
Rhizobial DNA subcloned from pRT5-46Cla into either pGEM7Zf( +) or 
pUC18 was sequenced using the automated Applied Biosystems DNA sequencer. 
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pGEM-7Zf( +) Tn5 
Fig. 5.6. Restriction map of pRT5-46Cla. This construct contains 
the Km Rezai fragment from TG5-46 cloned into the Clal 
site of pGEM-7Zf(+). 
Scale 1 cm = 1 kb 
Restriction sites: B, BamHI; Bgl, Bglll; Cla, Clal; H, 
Hindlll; K, Kpnl; Sm, Smal; and X, Xhol. 
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in Fig. 5.7. The DNA around the act546 gene has been fully sequenced on both 
strands (Fig. 5.8) from the BamHI site of the rhizobial DNA flanking the IS50R to 
the EcoRV site flanking the IS50L (Fig. 5.7). Analysis of this BamHI to EcoRV 
DNA sequence for potential protein encoding regions (Fig. 5.9) revealed one extra 
ORF (ORF3) which started at position 141 and finished at 1439 (See Fig. 5.8). 
The termination of this ORF was located 180 bp upstream from the start of act546. 
A putative ribosome binding site (5'-GGAAA-3') was located 3 bp upstream from 
the ATG initiation codon of ORF3. This ORF was located on the same strand and 
potentially transcribed in the same direction as act546. Conversion of this ORF into 
the corresponding amino acid sequence revealed that this protein would contain 433 
amino acids and would have an estimated molecular weight of 47 208 and a pl of 
6.2. This protein was used to search for any similar proteins in the databanks using 
the FAST A programme. Table 5.4 shows a summary of the top ten scores 
obtained. The matches obtained were to histidine kinase proteins of the two-
component sensor/regulatory system. Although ORF3 showed low identity (around 
25 %), the protein similarity score was high (around 65 %). From the PASTA 
analysis, it was observed that the identity and similarity occurred in the C-terminal 
region of the protein presumptively encoded by ORF3. CLUSTL V analysis has 
been used to align ORF3 with five other sensors (Fig. 5.10) which showed that the 
similarity and identity mainly occurred in the C-terminal region. The protein 
encoded by this ORF contains the three C-terminal regions containing the invariant 
residues (which have been boxed in Fig. 5.10) found in all proteins of the histidine 
kinase family. The first of these contains a histidine ( normally the site of 
autophosphorylation) with a space of around 100 amino acids to an asparagine 
found in the second region. In Act546, these amino acid residues correspond to 
His-219 separated from the Asn-326 by a space of 107 amino acids. The third 
conserved region contains two glycine rich regions separated by 20-50 amino acids. 
In Act546, these include the Asp-Asp-Gly-Glu-Gly-356 (Asp-X-Gly-X-Gly 
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Fig. 5.7. Sequencing strategy used to obtain the nucleotide sequence of the 
2.2 kb BamHl (the first BamHI site on the rhizobial DNA flanking 
IS50R) to EcoRV (first EcaRV site on the rhizobial DNA flanking the 
IS50L) DNA fragment from TG5-46. Sequence generated by 
pUC/M13 Forward and Reverse primers ( ---- ) and by custom 
synthesised primer ( - - - - - - - - - - ). 
The site of Tn5 insertion in TG5-46 is marked with a triangle. 
Scale 1 cm = 0.2 kb 
Restriction sites are as follows: B, BamHl; Cla, Clal; E, EcoRI; Ev, 
EcoRV; P, Pstl; Sm, Smal; and X, Xhol. 
i.---_ - ! !_ -
Fig. 5.8. The nucleotide and translated sequence of the DNA upstream of the 
act546 gene of R. meliloti WSM419. Potential ribosome binding sites 
are underlined. The boxed region represents the nine base pairs which 
were duplicated by Tn5 integration into act546. 
I . 
* * 
GGATC CCGCC AACGC CATGC CGACA ACGCG CGCCA AGCCA CGCGG CGCTT 50 
* * 
AACCC CATTT GATAA TTGCC GGGTT CGGCA TAAAG TTCGG TAGGA CGAAC 100 
* * 
TGATG CGGCC GCATG CGGCC GCATC GCGGA ATGGA AACGC ATGGC AGCCT 150 
MetAla Ala> 
* * 
CAACG CTCTA CAATG ACCTG AACAG CAATC GCAGC CTCAG ACTTC AGACG 200 
SerThr LeuTyr Asn AspLeu AsnSer Asn ArgSer LeuArg Leu GlnThr> 
* * 
CTCGT GCGGC TGCGC TGGCT GGCGG TGGGC GGACA ATTGC TAGCC GTTAT 250 
LeuVal Arg LeuArg TrpLeu Ala ValGly GlyGln Leu LeuAlaValile> 
* * 
CGTCA CGGCG CTTTG GCTGC AGTTC CCCCT GCCGA TCGTC CCCTG TTCGG 300 
Val ThrAla LeuTrp Leu GlnPhe ProLeu Pro IleVal ProCys Ser> 
* * 
TTCTG ATTGC CTGCC TGGCA CTCGT CAACG TCATT CTCAC ATTGC GGTTT 350 
ValLeu IleAla Cys LeuAla LeuVal Asn Valile LeuThr Leu ArgPhe> 
* * 
CCGCC TACGC AGCGG CTGAC GCCGC CGGCC GCTTT CGCCC TGCTC GGCCT 400 
ProPro Thr GlnArg LeuThr Pro ProAla AlaPhe Ala LeuLeuGlyLeu> 
* * 
GGATC TGGCG CAACT CACCG CCTTG CTCTT CATCA CCGGC GGGCT TGCCA 450 
Asp LeuAla GlnLeu Thr AlaLeu LeuPhe Ile ThrGly GlyLeu Ala> 
* * 
ACCCC TTTGC GCCGC TTCTC TGCGT TCCGG TCATC ATCTC TTCGG CCTCG 500 
AsnPro PheAla Pro LeuLeu CysVal Pro Valile IleSer Ser AlaSer> 
* * 
CAGCC GAAGC CTCAC AGCAT CGTGC TGGCC GTGTT TGCCG TCGTG GGCGT 550 
GlnPro Lys ProHis Serile Val LeuAla ValPhe Ala ValValGlyVal> 
* * 
CACCG CGCTC GCCTT CTCGC CCTTC CAGCT GCCCT GGTAT CCGGG GACCG 600 
Thr AlaLeu AlaPhe Ser ProPhe GlnLeu Pro TrpTyr ProGly Thr> 
* * 
TTCTG CTGAT CCCGC ACGTG CTGAC GGCCG GCATC TGGTT CGCGA TCGTC 650 
ValLeu Leuile Pro HisVal LeuThr Ala Glyile TrpPhe Ala IleVal> 
* * 
TCGAT GACGG CGTTC GCAGC ATTCT ACACC TACCG TGTAT CGCTC GAGGC 700 
SerMet Thr AlaPhe AlaAla Phe TyrThr TyrArg Val SerLeuGluAla> 
* * 
AAGCG AACTG TCAGA AGCGC TGACC GCCAC CGAAC TCGTG CTCCA GCGCG 750 
Ser GluLeu SerGlu Ala LeuThr AlaThr Glu LeuVal LeuGln Arg> 
* * 
AAAAG CACCT GTCGC AACTC GACGG GCTCG CAGCC GCCGC CGCGC ACGAA 800 
GluLys HisLeu Ser GlnLeu AspGly Leu AlaAla AlaAla Ala HisGlu> 
* * 
CTCGG AACGC CGCTT GCGAC GATCA GCGTC GTAGC CAAGG AGATG GAACG 850 
LeuGly Thr ProLeu AlaThr Ile SerVal ValAla Lys GluMetGluArg> 
* * 
GGAGC TCGGC GACGA TCCTC GTTTC GGCGA AGACG TCCAC CTCCT GCGCA 900 
Glu LeuGly AspAsp Pro ArgPhe GlyGlu Asp ValHis LeuLeu Arg> 
* * 
GCCAG AGCGA GCGCT GCCGA GACAT ACTGA GGCGG CTCAC GACGC TTTCT 950 
SerGln SerGlu Arg CysArg Aspile Leu ArgArg LeuThr Thr LeuSer> 
* * 
TCGGA GAGCG AGGAA CATAT GCGAC TTCTG CCGCT CTCGT CCCTT ATCGA 1000 
SerGlu Ser GluGlu HisMet Arg LeuLeu ProLeu Ser SerLeuileGlu> 
* * 
GGAGG TGATG GCGCC GCATC GCGAA TTCGG AATCG AAATC GAGCT GAAGG 1050 
Glu ValMet AlaPro His ArgGlu PheGly Ile Gluile GluLeu Lys> 
* * 
AGCAG GGCGA ACGCG CCACG GAGCC CGTCG GCATC CGCAA TGCAG GCATT 1100 
GluGln GlyGlu Arg AlaThr GluPro Val Glyile ArgAsn Ala Glyile> 
* * 
------------ ---~ ------------ --~--=~---~-~~~ 
CTCTA TGGCC TGGGA AACCT GCTGG AAAAC GCGGT CGACT ATGCG CGCAA 1150 
LeuTyr Gly LeuGly AsnLeu Leu GluAsn AlaVal Asp TyrAlaArgLys> 
* * 
GAAAG TGACG GTCAC GACGG AGCAC ACGCC CGAGC GCGTA CGGGT GACGA 1200 
Lys ValThr ValThr Thr GluHis ThrPro Glu ArgVal ArgVal Thr> 
* * 
TCGAA GACGA CGGCG AAGGT TTTTC GCCGG ATATC CTGGC GCGGA TCGGC 1250 
IleGlu AspAsp Gly GluGly PheSer Pro Asplle LeuAla Arg IleGly> 
* * 
GAACC CTATG TGACG CGGCG TCAGA AGGAC GACAG TGCCG GCGGG CTCGG 1300 
GluPro Tyr ValThr ArgArg Gln LysAsp AspSer Ala GlyGlyLeuGly> 
* * 
GCTCG GGCTC TTCAT CGCCA AGACG CTGCT CGAGC GTTCG GGTGC CCGGC 1350 
Leu GlyLeu Pheile Ala LysThr LeuLeu Glu ArgSer GlyAla Arg> 
* * 
TGCGC TTCGA GAACG GTGGA GCCAA ACACC CGGGT GCCCG GGTCA GCGTC 1400 
LeuArg PheGlu Asn GlyGly AlaLys His ProGly AlaArg Val SerVal> 
* * 
GAATG GCCGC GCGCG CTGAT GGACT CGAAA CTGGC GAAAT GACTT TTGGC 1450 
GluTrp Pro ArgAla LeuMet Asp SerLys LeuAla Lys> 
* * 
AGTTT ATTGA AGACA AGCGT GGGAA AACCC ACATG ACTGC CGGCA AAACA 1500 
* * 
ACAGC TTGCC GACTG CAGTT CCTTT GGTCC CACCG TTCAA AGGAC ATGCG 1550 
* * 
GAAAC TGTTA CAGGT TACAG AAGCC ATTGC GCGTC CGGCT GGACG CGCGG 1600 
* * 
CGCTG TAGGG GTTTG AGAAA TGATC GAAAA GTCGA CGCCT GCGCC AATCA 1650 
Met Ile GluLys Ser ThrPro AlaPro Ile> 
* * 
CCCAC GCCGC GGATG CGGAC CTGAT CGGAC ccpAC AAGAG CpTTC TGATC 1700 
ThrHis AlaAla Asp AlaAsp Leuile Gly ProAsp LysSer Leu Leuile> 
* * 
GTCGA TGACG ACACC GCTTT TCTGC GGCGC CTCGC CCGCG CGATG GAAGC 1750 
ValAsp Asp AspThr AlaPhe Leu ArgArg LeuAla Arg AlaMetGluAla> 
* * 
GCGCG GCTTC GCGGT AGAGA TCGCC GAGTC GGTTG CCGAA GGCAT AGCCA 1800 
Arg GlyPhe AlaVal Glu IleAla GluSer Val AlaGlu Glyile Ala> 
I I 











Nucleotide position of 
TnS insertion 
Fig. 5.9. Open reading frames (ORFs) in the 2.2 kbp BamHI-EcoRV segment 
of the act546 gene region generated in all 6 possible frames by 
Mac Vector using the universal start codon; a span of 150 amino acids 
was used in the analysis. The filled boxes represent ORFs of one strand 




Similarity of the translated nucleotide sequence of ORF3 to the histidine protein kinases 
involved in signal transduction. 
Protein Protein match Organism System 
over number % % 
of amino identity similarity 
acids 
PhoR 244 24.6 67.2 Escherichia Phosphate 
coli 
PhoR 244 24.2 67.6 Shigella Phosphate 
dysenteriae 
DivJ 218 24.3 67.0 Caulobacter Cell division & 
crescentus differentiation 
uspt 101 34.7 70.3 Escherichia Unknown 
coli 
NifL 248 21.4 64.5 Azotobacter Nitrogen fixation 
vinelandii 
HupR2 176 21.6 66.5 Rhodobacter Hydrogen uptake 
capsulatus 
CreC 284 23.2 65.8 Escherichia Catabolite regulation 
(PhoM) coli 
KinA 251 25.5 69.3 Bacillus Sporulation 
(SpoIIJ) subtilis 
FixL 256 25.4 69.5 Bradyrhizobium Nitrogen fixation 
japonicum 
NtrB 234 22.2 62.4 Thiobacillus Nitrogen regulation 
feroxidans 
Top 10 scores of matches with identity to the protein encoded by ORF3 ordered on the basis of 
initn score. 
tunknown sensor protein 
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Fig. 5.10. The alignment of the translated nucleotide sequence of ORF3 with 
other histidine protein kinases. All of the conserved residues are 
highlighted with asterisk. Similar residues are highlighted with a 
dot. The highly conserved histidine, asparagine, aspartic acid, and 
glycine residues are boxed.The sequences are from the following 
sources: 1, Act546 (Rhizobium meliloti); 2, PhoR (Escherichia 
coli); 3, PhoR (Shigella dysenteriae); 4, DivJ (Caulobacter 
crescentus); 5, CreC (Escherichia coli); 6, FixL (Bradyrhizobium 
japonicum) 
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The majority of sensors are membrane associated molecules containing at 
least two membrane spanning regions with a periplasmic loop which makes up a 
postulated receptor domain (Stock et al., 1989). Determination of the hydrophilicity 
of the peptide sequence (Fig. 5 .11) using the Kyte & Doolittle algorithm revealed 
that the N-terminal half was strongly hydrophobic implying that this portion of the 
protein is embedded in the cytoplasmic membrane. There are at least three 
hydrophilic domains which possibly protrude from the membrane and play a role in 
sensory input. 
5.3.6: General conclusion. 
Tn5 insertion in the mutant TG5-46 creates a calcium repairable acid-
sensitive phenotype. Analysis of the DNA sequence around the site of Tn5 insertion 
has revealed that the mutation has affected the function of a regulator belonging to 
the two-component system involved in signal transduction in prokaryotes. I 
propose that the name act546 be changed to actR. Likewise, the gene encoding a 
histidine protein kinase that has been identified upstream of actR has tentatively 
been named as actS. Further characterisation of the role of this kinase protein will 
determine whether it is involved in sensing the hydrogen ion concentration and 
whether it interacts with actR to provide a response to low pH. 
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Fig. 5.11. Hydrophilicity analysis of the translated nucleotide sequence of 
ORF3 using the MacVector analysis programme and a window size 
of 7. Positive values indicate hydrophilic regions; negative values 
indicate hydrophobic regions. 
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CHAPTER 6 
THE DNA SEQUENCES OF act321 AND act114 HA VE SIMILARITIES 
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6.1: INTRODUCTION 
Mutants RT3-27 and WRl-14 of R. meliloti WSM419 and R. leguminosarum 
bv viceae WSM710 respectively, each contain one copy of Tn5 (Chapter 2). Both R. 
meliloti strain WSM419 andR. leguminosarum bv viceae WSM710 can grow at 
progressively lower pH values as the calcium concentration is increased. Acid-sensitive 
mutants of both strains can be divided into two groups. The first is calcium repairable 
and the second is not. Two mutants (RT3-27 derived from WSM419 and WRl-14 
derived from WSM710) fail to respond to increasing concentrations of calcium. 
In an attempt to understand the nature of the mutated genes, rhizobial DNA 
flanking both sides of the Tn5 insertions in RT3-27 and WRl-14 have been cloned, 
restriction mapped, and partially sequenced. The DNA sequences obtained were then 
used to search databanks for nucleic acid similarity to obtain information on the nature 
of the protein that each gene encodes. In this Chapter evidence is presented which 
suggests that the act327 and actl 14 genes encode protein products which bear similarity 
with ion-translocating P-type ATPases, and hence may be important components of the 
proton translocation system enabling the bacterial cell to survive at acidic pH. 
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6.2: MATERIALS AND METHODS 
6.2.1: Bacterial strains and plasmids. 
The bacterial strains and plasmids used in this study are listed in Table 6.1. 
6.2.2: Oligonucleotide primer. 
A 19 mer custom primer was designed which contained the following sequence: 
l-14L HindIIl/EcoRI 5'- GAT CGC CAG CGC ATA GAT C - 3' (position 934 to 952 
of the actl14 gene region). This primer was purchased from Bresatec Ltd in the 
desalted form. Unless stated the techniques used in this chapter have already been 
described in detail in preceeding chapters. 
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Bacterial strains and plasmids 
Relevant characteristics 
p- cp80dlacZM115 recA1 endA1 gyrA96 
thi-1 hsdR17 (rK-mK+) supE44 relA1 
deoR Ll(lacZYA-argF)U169 
p- thi-1 hsdS20 (rs-mB-) supE44 recA13 
ara-14 leuB6 proA2 lac Yl ,psL20 (SmR) 
xyl-5 mtl-1 
AcidT strain from Vicia sp. in Japan 
Tn5-induced acids mutant ofWSM710; KmR 
AcidT isolate from Sardinia 
Tn5-induced acids mutant ofWSM419; KmR 
Generalised transducing phage of R. leguminosarum 
Cloning vector; AmpR and TetR 
Cloning vector; AmpR 
Gene replacement vehicle; GmR SucS 
End-filled EcoRl fragment containing Tn5 cloned from 
pRT327 into the Smal site of pJQ200; GmR and KmR 
Helper plasmid; KmR 
pBR322 containing KmR EcoRl fragment ofRT3-27 
BgllI/EcoRl fragment of pRT3-27 containing left 
inverted repeat of Tn5 and associated rhizobial 
flanking sequence cloned into the BamHI/EcoRI site of 
pBR322; AmpR, KmR and TetR 
BgllI/EcoRl fragment of pRT3-27 containing right 
inverted repeat of Tn5 and associated rhizobial flanking 
sequence cloned into BamHI/EcoRl site of pBR322; 
AmpR and TetR 
pBR322 containing KmR EcoRl fragment of WRl-14 
BamHI/EcoRl fragment ofpWRl-14 containing left 
inverted repeat of Tn5 and associated rhizobial 
flanking sequences cloned into pUC18; AmpR, KmR 
HindIII/EcoRl fragment ofpWRl-14 containing right 
inverted repeat of Tn5 and associated rhizobial flanking 
sequence cloned into the HindIII/EcoRl site of 
pUC18; AmpR 
HpaI/EcoRl fragment of pWRl-14R containing one Tn5 
primer binding site and associated rhizobial flanking 
sequence cloned into the SmaI/EcoRl site of 
pUC18; AmpR 
t Bethesda Research Laboratory :j: Western Australian Department of Agriculture. 














Bolivar et al. (1977) 
Promega Corporation 
Quandt & Hynes (1993) 
This study 








Resistance to arnpicillin (AmpR), gentamycin (GmR), kanarnycin (KmR), streptomycin (SmR) and tetracycline (TetR). 
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6.3: RESULTS & DISCUSSION. 
6.3.1: Restriction map of the act321 and act114 gene regions. 
The EcoRI genomic fragments containing Tn5 were cloned from RT3-27 (9.5 
kb) and WRl-14(11.5 kb) into pBR322 to create pRT3-27 and pWRl-14, 
respectively. Both pRT3-27 (Fig. 6.1 A) and pWRl-14 (Fig. 6.1 B) were restriction 
mapped using a variety of restriction enzymes. The sizes of the cloned EcoRI fragments 
are in close agreement with those found from hybridisation studies with a Tn5 probe 
(Chapter 2). 
6.3.2: Does Tn5 cause the observed acid-sensitive phenotype in RT3-27 
and WRl-14? 
6.3.2.1: Strategy for R. meliloti. 
To establish if Tn5 was the causative agent of the acid-sensitive mutation in 
RT3-27 the method of gene replacement described in Chapter 5 was used. 
The EcoRI fragment containing Tn5 and the rhizobial flanking sequences 
was cut from the plasmid, pRT3-27, end-filled and ligated into the Smal site of 
pJQ200 to form pJQ3-27. This construct was then mobilised into WSM419 and 
four sucrose- and kanamycin-resistant transconjugants were isolated that were acid-
sensitive, suggesting that a double crossover event had occurred. These results 
indicated that Tn5 was the causative agent of the acid-sensitive phenotype of RT3-
27. 
6.3.2.2: Strategy for R. leguminosarum. 
Transduction analysis was chosen as the strategy to verify that the insertion 
of Tn5 created the acid-sensitive phenotype of the mutant WRl-14. In 100 % (5 out 
of 5) of the cases the kanamycin resistance marker was cotransducible with the 
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pBR322 Tn5 
Fig. 6.1. Restriction map of pRT3-27 (A) and pWRl-14 (B). 
Restriction sites are as follows: B, BamHI; Bgl, Bgill; 
E, EcoRI; H, Hindlll; Hpa, Hpal; X, Xhol; S, Sall; 
Sm, Smal; and X, Xhol. 
Scale 1 cm = 1 kb 
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acid-sensitive phenotype indicating that Tn5 was responsible for the acid-sensitivity 
ofWRl-14. 
Following the nomenclature of Goss et al. ( 1990), the name of the gene 
which had been interupted by Tn5 was called act3 27 for R. me liloti or act 114 for R. 
leguminosarum. 
6.3.3: Sequencing act327 at the site of Tn5 insertion. 
The plasmid pRT327 was cut with Bgill and EcoRI to clone either the left or 
right rhizobial flanking sequence into the BamHI/EcoRI site of pBR322 to create pRT3-
27L or pRT3-27R, respectively. The DNA on either side of Tn5 was sequenced using 
the Applied Biosystems automated DNA sequencer using a Tn5 primer. The DNA 
sequence obtained at the site of Tn5 insertion is presented in Fig. 6.2 in single stranded 
form. 
6.3.4: Sequencing act114 at the site of Tn5 insertion. 
The plasmid p WRl-14 was subcloned into pBR322 to give either p WR1-14L 
or p WR1-14R, which contained the rhizobial DNA flanking the IS50L or IS50R of 
Tn5, respectively. The DNA was sequenced using the Applied Biosystems automated 
DNA sequencer. Although readable sequence was derived from pWR1-14L DNA 
template using a Tn5 primer, the DNA sequence ofpWR1-14R DNA template using a 
Tn5 primer gave poor DNA sequence information (Fig. 6.3) which aligned to Tn5 
sequences in the GeneBank database. One possible explanation for this unexpected 
result could be that Tn5 had transposed into the genome of WSM710 carrying the extra 
arm of Tn5 from the suicide vehicle pGS9. If Tn5 had transposed with the extra arm 
there would be two sites for Tn5 primer to anneal enabling two sets of sequence data to 
be generated from the priming sites. Primer would bind to the site present on the IS50R 
of Tn5 and to template DNA of the extra arm. Extension products would therefore read 
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The nucleotide sequence of the DNA at the site of the Tn5 insertion in R. 
meliloti RT3-27. The boxed region represents the nine base pairs which 




GGCAA CCTTT CCGCC GAAGG GAGCG CTACA AGAGC CTTTC GCGCG CCGAC 50 
* * 
GCGTC CGGTC GAAGT AAACA GGGAA CGGTT GTCGG AAGGC CCGTT CCCGA 100 
* * 
AGCTG ACCGA TCTCG TCGCC GCTTG AGGGT TTTGA GCCGG GACGA AGTGC 150 
* * 
TCTGC CTTGT CGCAA GCCTC GAAAA CGCTT TCGGA ACACC CGATC GCGGA 200 
* * 
GCCAA TCGTG TCGGC GGCGA AGTCC AGGGG GATAG CAACG GTTGC CGTCA 250 
* * 
GCGCC TTTGA AGCGA CGCCG GGATT TGGCG TAAGC GGGAC TGTTT CCGGA 300 
* * 
CGGCG GGTGC TCGTC GGCGC CGACC GCGCG CTCGT CAAGA ACGGA ATAGA 350 
* * 
TATTA CCGGC TTCGC AGATG AAGCG GAACG CCTCG GCAGC GGCGG CAAAT 400 
* * 
CACCG CTCTA TGCGG CCATC GACGG GCGGC TGGCG GCGAT CGTCG CGGTT 450 
* * 
TCGGA CCCGG TCAAG GAAAG CACAC CTCAG GCAAT CAAAT CCCTG CATGC 500 
* * 
ACTCG GCTTG AAAGT GGCGA TGGTC ACCGG AGACA ACCGC CGCAC TGCCG 550 
* * 
AGGCG ATTGC CCAAA AAGCT CGGCA TCGAT GAGGT CGTCG CCGAG GTGCT 600 
* * 
GCCGG AAGGC AAGGT GGACG CGGTG AGAAA GCTCC GTCAG GGCGG CCGCT 650 
* * 
CGGTC GCCTT CATCG GCGAC GGCAT CAATG ATGCG CCGGC TCTGG CCGAA 700 
D G * I N D A * 
GCGGA TGTTG GCATC GCCGT GGGCA CCGGA ACCGA TATCG CCATT GAAAG 750 
* * 
CGCCG ATGTC GTGCT GATGT CAGGAIGACTT GAA9G GCGTT GCGAA GGCGC 800 
* * 
TCGCG CTCAG CAAGG CAACG ATCCG CAACA TCAAG CAGAA CCTGT TCTGG 850 
* * 
GCCTT CGTCT ATAAC ATCAG TCTGG TGCCC GTCGC GGCCG GCGTT CTTTA 900 
* * 
CCCCG TGAAC GGCAC CCTGC TCTCG CCGAT CTTTG CGGCG GCGGN CATGG 950 
* * 
CGATG TCGAG CGTCT TTGTT CTTGG CAATG CGCTG CGGCT GAAAT CGTTC 1000 
* * 
GATCC GGGCT AGGGC AACTC CAGGA AAGGT GCGTA GCGGG TTTTT CGGTC 1050 
* 
CCGAG TTGCG GAAAA CAAGA GGTTA GAAAG TTTCC CCTGA TTGGA GAAA 
---·' - ·--~~~~ 
Fig.6.3. Sequence data from pWR1-14R DNA template using Tn5 primer and the 
Applied Biosystems automated DNA sequencer. 






Dye T erminator{AnyPrimer} 
Lane 12 
Signal: G:271 A:177 T:119 C:97 
Points 551 to 8650 
603 MATRIX FILE 
Base 1: 551 Tue, Mar 7, 1995 12:12 PM Page 1 of 2 
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into both the right-hand flanking rhizobial sequence and the extra Tn5 arm. It has been 
reported by Selveraj & Iyer (1983) that Tn5 may occasionally transpose with the extra 
arm of Tn5. They found that in a few of the Tn5-induced mutants, Xhol digestion of 
total genomic DNA occasionally released a 0.5 kb DNA fragment which hybridised 
with a Tn5 probe indicating that Tn5 had undergone a rearrangement with the extra arm 
of Tn5. However, aXhon digest of pWR1-14R did not release this 0.5 kb fragment 
while a Hpal digest did release a 0.5 kb fragment. These data (and alignment obtained 
with Tn5) suggest that approximately 500 bp of the extra arm from pGS9 (300 bp from 
the Hpal site of the IS50R of Tn5 to the Hpal site of the extra arm and 200 bp from 
Hpal of the extra arm to the beginning of the rhizobial sequence) had transposed into 
actl 14 along with Tn5. The restriction map of pWR1-14R clone (Fig. 6.4 A) has 
therefore been amended to that shown in Fig. 6.4 B. The pWR1-14R clone was 
consequently cut with Hpal and EcoRI and the rhizobial DNA cloned into the 
Smal/EcoRijunction of pGEM7Zf(+) to create pWR1 -14Rsub (Fig. 6.4 C). DNA 
sequence derived from this clone gave clear sequence data (Fig. 6.5) when the Tn5 
primer was used. The overall strategy used to sequence the DNA near the site of Tn5 
insertion in WRl-14 is shown in Fig. 6.6 and the DNA sequence finally obtained at the 
site of the Tn5 insertion in the mutant WRl-14 is presented in Fig. 6.7. The DNA has 
been sequenced in double stranded form from position 1143 to 1527 and in single 
stranded form for the remainder. 
6.3.5: Similarity of act327 and actll4 to DNA sequences in databases. 
The DNA sequences (Fig. 6.2 or Fig. 6.7) obtained from sequencing at the site 
of Tn5 insertion in these two mutants were used to search for similar sequences in the 
· GenBank or EMBL databases using the FAST A programme. The results of the 
database search are shown in Table 6.2 and Table 6.3 for the DNA sequence of act327 
and actl 14, respectively. Both DNA sequences were found to match with genes which 
encode for an ion-translocating P-type ATPase in a variety of eukaryotes and 
96 






















Fig. 6.4. Restriction map of pWRl -14R (A) showing the duplicated IS50 
region (B) andpWR1 -14Rsub (C). 
Restriction sites are as follows: B, BamHI; Bgl, Bglll; E, EcoRI; 






Fig.6.5 . Sequence data from pWR1-14RSub DNA template using Tn5 primer and the 
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Sequencing strategy used to obtain the nucleotide sequence at the 
site of Tn5 insertion in the mutant WRl-14. Sequence generated by 
pUC/M13 Forward and Reverse primers ( ---- ) and by 
custom synthesized primers ( - - - - - - - - - ). 
Scale: 1 cm = 0.25 kb 
The site of Tn5 insertion in WRl-14 is marked with a triangle. 
Restriction sites: B, BamHI; E, EcoRI; H, HindIII; and S, SalI. 
I I 
Fig. 6.7. 
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The nucleotide sequence of the DNA at the site of the Tn5 insertion in 
R. leguminosarum biovar viceae WRl-14. The boxed region represents 
the nine base pairs which were duplicated by Tn5 integration. A potential 
ATP binding motif is underlined. 
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* * 
ATGGA TGAAC TGCGT AGCAA AGGCG CTATC ATCGC CATGA CCGAC GACGG 50 
* D * 
£:GTClL.bJ:GAC GGCGC CGGCG CTTCC GCCGC CGATG TCGGC ATCGC CATGG 100 
G V N D A * * 
GCACC GGCGC CGACG TCGCG ATGGA AANCG CCGGC ATCAC ATTGG TGANG 150 
* * 
GGCGA TCTCA CCGGC ATCGT CAGGG CGCGG CGGCT GGCGG AGGCG ACGAT 200 
* * 
GCGCA ACATC CGCCA GAATC TCGGC TTCGC CTTCG GCTAT AATGC GCTCG 250 
* * 
GCGTG CCGGT CGCCG CCGGC G~GCT CTATC cpATC CTCGG GCTGC TGCTT 300 
* * 
TCGCC GATGA TCGCC GCGGC AGCGA TGAGC CTGTC ATCCG TCTCG GTGAT 350 
* * 
TTCAA ATGCG CTGAG ACTGC GCTTT GCAAA ACTAT AGGAG ATAGC GATGA 400 
* * 
ATATC GGCGA AGCAT CGGAA CGGTC CGGCC TGCCG TCTAA GACCA TCCGC 450 
* * 
TACTA CGAGG ATATC GGCCT CATCC GCCCC GAAAG GGGTG GAAAC GGCTA 500 
* * 
TCGCG ACTAT GCCGC GACCG ACGTC CATAA GCTGC GTTTC CTACA GCGCT 550 
* * 
CGCGC GGCCT CGGCT TTTCG GTCGA GGAAT GCCGG CAATT GCTGG CGCTC 600 
* * 
TATGA GGACA AGGAT CGGGC GAGCG CCGAC GTTAG GGATA TCGCT CAGAC 650 
* * 
AAAGC TTACC GAGAT CGACC GCAAG ATCCG CGAGC TGACG GAACT GCGAC 700 
* * 
GGACT CTGGA GCACC TCGTG CATGC CTGCC ACGGC AACGA CAGGC CGGAC 750 
* * 
TGTCC GATCC TCGAA GAGCT TTCGG ACGGC GCCTG ACCAT TTCGC ACGAG. 800 
* * 
CAGGC CGATT CAGGC GGCCT GCATC AGGAA AGCGG CGGCA TGTTC TGGTT 850 
* * 
GGCCG CCTGC GAAGT TTGAG CCCGC TCGTC GGGCT CGTCG TCTTC ACTAT 900 
* * 
CGTCC AGCAC GCCCG TCATC CAGCC TATGC TTGGA TCGCC AGCGC ATAGA 950 
* * 
TCACG TCGAG AATAT TGCGG TCTCT GAGAT GAGGA TCGGT CAGCG CGAGA 1000 
* * 
AGCGA GGCCC GGACG ATCTT CTTGC TGGTG GNCTT CGGAC AACGC GCCTT 1050 
* * 
GACGA AATCA TAGAG CGCCT CATCC GTCAG CCCTT CCATG GTGCC GTCCA 1100 
* * 
CGAGA GCTTC GTAGA CCCGC TTCTT TTCCT TCATT CTTTA TTTTT CCCCT 1150 
* * 
GCAAA TCAGC GGCGT CATGA TCTGT CATGT AATTG TCATA CACAA TCGCC 1200 
* * 
GATTT GAGGC GCCTG TCCAC TGGAG AAGAA TGTCC GATCG TGGTC CGGGC 1250 
* * 
AGCAT TCTTT TGGCT GATCA ACTTT TTTGN CTCGG NCGGG AATAA AATCG 1300 
* * 
GCTGC ACTTG TGTTA TACTC AATCA TGGAA CGCAA AGACC GCCCC TTCGA 1350 
* * 
TGTCA TCGGA CAGCT TTGCA GCGCT TGAGC AGCTA CGCGC GCTCG CTGGT 1400 
* * 
GCGCA TTCGG ACGAG GCGGA GGATT TGTGC ACGAT GCGCT GGTGC GCGCC 1450 
* * 
TTCGA GAAGC GCAAG AGCTT CCGCA GCGGC GACAA CCTGC GCACC TGGCT 1500 
* * 
GCTCT CCATC CTGCA CAATG CCCAT ATCGA CCGTC TGCGC CGGAA CCGGT 1550 
* * 
CGCTG ACGCG CCGCC ACGAC GAGGC GGCTG TCGAA GCCGA GCAGT CGCTG 1600 
* * 
CCGGC CGGCC AGGAA CATGC TGTGC GCCTG CAGCA GGTGC GCGAC GCCTT 1650 
* * 
CTTCG ACCTG CCGGA GGAAC AGCGC GAGGC GCTGC ATCTC GTCGC CATCG 1700 
* * 
AAGAC CTTTC CTACC AGGAA GCAGC CCAGG CGCTC GGCAT TCCCG TGGGG 1750 
* 
ACGCT GATGT CGCGC ATCTC GCGGG ACTCG TGCGC AGCTG CGCGA ATTC 
---------------· - - - - --_. _____ -
TABLE 6.2 
Similarity of act327 with DNA sequences recorded in the GenBank: and EMBL databases. 
Gene Nucleic acid identity Organism System Accession 
number 
over number % 
of bases 
§ 597 58 Homo Copper transporting U03464 
sapiens P-type ATPase 
§ 224 57.1 Oryctolagus Calcium transporting X52496 
cuniculus P-type ATPase 
mgtAt 151 64.2 Salmonella Magnesium U07843 
typhimurium transporting P-type 
ATPase 
SERCAla 221 57.0 Rattus Calcium transporting M99223 
norvegicus P-type ATPase 
§ 515 56.1 Mus Copper transporting U03434 
musculus P-type ATPase 
ORFA 412 55.1 Listeria P-type ATPase U15554 
monocytogenes 
§ 515 56.0 Homo Copper transporting L06133 
sapiens P-type ATPase 
pacst 853 57.3 Synechococcus Calcium transporting D16437 
sp P-type ATPase 
copAt 522 56.7 Enterococcus Copper transporting L13292; 
hirae P-type ATPase 102729 
§ 180 62.2 Homo Calcium transporting M25874 
sapiens P-type ATPase 




§ 215 57.7 Artemia Calcium transporting X72713; 
franciscana P-type ATPase X51674 
§ 335 53.4 Bufo Sodium/Potassium Z11798; 
marinus transporting S43455 
P-type ATPase 
The 13 scores listed are ordered on the basis of the highest to the lowest initn score. 
§ The name of the gene has not been provided by the authors. 
t designates bacterial sequence 
! I i I . 
TABLE 6.3 
Similarity of actl 14 with DNA sequences recorded in the GenBank and EMBL databases. 
Gene Nucleic acid identity Organism System Accession 
number 
over number % 
of bases 
ctpA 309 60.5 Mycobacterium Cation transporting Z46257 
leprae P-type ATPase 
pacst 853 57.3 Synechococcus P-type ATPase D16437 
sp. 
§ 324 56.8 Oryctolagus Calcium P-type M12898 
cuniculus ATPase 
merAt 540 53.3 Thiobacillus Mercury D90110; 
ferooxidans resistance M32353 
§ 270 55.9 Rattus Calcium transporting M30581; 
norvegicus P-type ATPase J05086; 
§ 353 56.1 Homo Copper transporting 003464 
sapiens P-type ATPase 
§ 202 60.9 Oryctolagus H+, K+-ATPase X64694 
cuniculus P-type ATPase 
§ 151 60.3 Histoplasma H+-ATPase L07305 
capsulatum 
pacLt 249 57.4 Synechococcus Calcium transporting D16436 
sp. P-type ATPase 
The 9 scores listed are ordered on the basis of the highest to the lowest initn score. 
§ The name of the gene has not been provided by the authors. 
t designates bacterial sequence 
I I . 
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prokaryotes. A high degree of similarity was also seen between the actl 14 DNA 
sequence and the merA gene of Thiobacillusferooxidans and with the H+-ATPase of 
the protozoan Histoplasma capsulatum. Although the significance of the match to the 
mer A gene is unknown, a high degree of similarity of fungal plasma membrane H+-
ATPases and the H+-ATPases of the protozoan Leishmania donovani to the mgtB locus 
(encoding a magnesium transporting P-type ATPase) of Salmonella typhimurium has 
been observed (Snavely et al., 1991). The region of similarity of the DNA sequence of 
actl 14 or act327 to aligned sequences would appear to centre around an ATP-binding 
motif (TGDG(T/I/V)ND(A/S) found in P-type ATPases (Kahn et al., 1989). This 
nucleotide sequence motif is shown in Fig. 6.2 for R. meliloti (amino acid sequence -
DGINDA) and Fig. 6.7 for R. leguminosarum (amino acid sequence - DGVNDA). The 
other invariant residues of the phosphorylation motif (HyCSDKTGTHyT-where Hy 
represents a hydrophobic residue) found in P-type ATPases (Saier, 1994) were not 
found due to the lack of DNA sequence information upstream of the ATP-binding 
motif. P-type ATPases possess an entirely different ATP-binding motif from other 
ATP-binding proteins (Saier, 1994), which, along with the aspartyl phosphorylation 
site, serve as signature sequences for the identification of P-type ATPases (Saier, 
1994). The high degree of similarity of the DNA sequenced from RT3-27 and WRl-14 
with the ATP-binding motif of P-type ATPases, and not with those of other ATP-
binding proteins (for example many kinases), strongly suggests that the act327 and 
actl 14 DNA sequence encodes a P-type ATPase. In addition, the DNA 'sequence 
derived from the site of Tn5 insertion in RT3-27 and WRl-14 aligned with one another 
(67.9 % identity over 340 bp). 
6.3.6: Concluding comments. 
This chapter has described the cloning and partial sequencing of the act327 
and actl 14 genes cloned from RT3-27 and WRl-14. Database searches have 
revealed that Tn5 has disrupted a putative P-type ATPase in not only R. meliloti 
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WSM419 but also in R. leguminosarum. This report is the first to suggest that a P-
type ATPase could be involved in bacterial response to acidity. Although it is 
tempting to speculate on the cation specificity (Ca2+ from the physiological studies 
and ca2+ or cu2+ from sequence similarity with other P-type ATPases), the 
biochemical pathway needs to be determined (via a suitable P-type ATPase assay) 
in order to understand the physiological function of act327 or actl 14. In addition, it 
would be necessary to establish that the P-type ATPase activity of RT3-27 and 
WRl-14 is significantly lower than that of the respective wild-types. 
In those bacteria (such as Enterococcus) which lack a respiratory chain, it is 
known that the F1Fo ATPase expels hydrogen ions at the expense of ATP. These 
bacteria are well suited to use substrate level phosphorylation to produce their 
energy requiring needs. However, in bacteria which possess a respiratory chain, 
the F1Fo ATPase functions under aerobic conditions to produce ATP. Do these 
bacteria utilise another type of proton pump to combat acidic stress under aerobic 
conditions? An ion-translocating ATPase specifically involved in acid-tolerance 
could potentially play a fundamental role by pumping protons out of the rhizobial 
cell and maintaining a near-neutral cytoplasm. In this situation, the ATPase might 
catalyze the electroneutral exchange of protons for another ionic species. 
Alternatively, the inactivated P-type ATPase could be indirectly involved in the 
translocation of a cation between the cytoplasm and the external environment. The 
movement of this ionic species may serve to dissipate the increase in the membrane 
potential, or cycle the ion, to maintain the proton gradient. It would be expected that 
inactivation of such an ionic pump specifically involved in acid-tolerance would 
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The purpose of this study was to investigate the molecular basis of acid-
tolerance in Rhizobium. The strategy chosen was to construct acid-sensitive 
mutants using the technique of transposon mutagenesis (Selveraj & Iyer, 1983). 
Three acid-sensitive mutants were constructed; one of R. meliloti WSM419 (RT3-
27) and two of R. leguminosarum WSM710 (WRl-14 and WR6-35). The 
remaining mutants (TG 1-6, TG 1-11, TG2-6, and TG5-46) investigated in this 
thesis were isolated earlier as reported by O'Hara et al. (1989). TG2-6 and TG5-46 
were chosen for detailed study because of their relatively strong acid-sensitive 
phenotype (O'Hara et al., 1989; Goss et al., 1990; Chapter 2). All of the acid-
sensitive mutants were extensively characterised for their phenotypic and symbiotic 
properties. 
These acid-sensitive mutants can be divided into two categories depending 
on their response to calcium at low pH (Chapter 2). Lesions in members of the first 
group of acid-sensitive mutants (TG 1-6, TG 1-11, TG2-6, TG5-46 and WR6-35), 
in contrast to members of the second group (RT3-27 and WRl-14), could be 
compensated by high concentrations of calcium in the medium. In this regard it is 
interesting that growth rates of both R. meliloti and R. leguminosarum respond to 
high concentrations of calcium near the critical pH values (the acidic pH at which no 
growth of the wild-type occurs in JMM with 1 mM calcium), although the response 
observed with R. meliloti occurred over a much broader range of pH than that 
observed for R. leguminosarum. 
The acid-sensitive phenotype of each of the mutants (TG2-6, TG5-46, 
RT3-27, WRl-14, and WR6-35) could be recreated in the respective wild-types by 
re-inserting Tn5 using a suitable homologous recombination strategy. These results 
suggested that Tn5 was responsible for creating the acid-sensitive phenotype of the 
mutants. Since each of the mutants and the wild-type could grow at neutral pH, the 
gene affected by Tn5 must have been required by the cell to tolerate acidic 
conditions. These genes have been categorised as acid-tolerance genes (act) by 
O'Hara et al. (1989). The acid-sensitive phenotype might have occurred either from 
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insertional inactivation, or by a polar effect, on a gene required for acid-tolerance. 
After the completion of the laboratory component of this thesis, complementation of 
the acid-sensitive defect in TG2-6, TGS-46, RT3-27 and WRl-14 was 
accomplished (Ravi Tiwari, Neetin Kale; pers. comm.). Their data suggested that 
the acid-sensitive defect was a result of insertion of Tn5 into the act genes and was 
not a result of a polar effect on downstream genes. 
It is interesting to note that a mutation in a number of separate genes can 
create an acid-sensitive phenotype. Some of these genes will be essential for the 
survival of the cell at low pH, while others may not be directly involved in pH 
regulation per se. 
The protein encoded by act206 has 69 % similarity to the CutE protein of 
Escherichia coli (Rogers et al., 1991). Disruption of this gene causes a copper-
sensitive phenotype in E.coli. However, an allele of cutE has recently been found 
in Salmonella typhimurium which, if mutated, provides a copper- and heat-sensitive 
phenotype and diminished activity of the enzyme apolipoprotein N-acetyl 
transferase (Gupta et al., 1993). It is known that the dihydrolipoamyl transferase 
subunits in E.coli are induced under low pH conditions (Heyde & Portalier, 1990). 
While this suggests that the act206 gene might encode a product involved in lipid 
metabolism, the precise function of the Act206 protein is at present unknown. 
Southern hybridisation data using a specific intragenic DNA probe for act206 
demonstrated that this gene is chromosomally located and is not unique to acid-
tolerant strains, since it is present in all strains of R. meliloti tested. 
The R. leguminosarum mutant, WR6-35, has a Tn5 lesion in a gene with a 
high degree of identity to the exoR gene of R. meliloti. In R. meliloti, this gene 
encodes a negative regulator of exopolysaccharide synthesis. Exopolysaccharide 
production from the mutant WR6-35 was found to be 2-fold higher than WSM710. 
In addition, exopolysaccharide extracted from the mutant was found to be 
indistinguishable from that produced from the wild-type. These data provide strong 
evidence that exopolysaccharide production in R. leguminosarum WSM710 is also 
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regulated by the exoR gene. The acid-sensitive phenotype of WR6-35 might be 
either due to the insertional inactivation of the exoR gene or by polar effect. 
Complementation of the acid-sensitive defect of WR6-35 by the wild-type gene will 
help in understanding the cause of the acid-sensitive phenotype. If the acid-sensitive 
phenotype is caused by insertional inactivation of exoR it might be due to either the 
overproduction of EPS or a defect in the regulation of other genes required for acid-
tolerance. As WR6-35 is only mildly acid-sensitive in comparison to the wild-type, 
the overproduction of exopolysaccharide by this mutant might bring about a change 
in the cell such as to allow a small proton leak into the cell, thus creating the 
observed phenotype. 
The role of EPS in acid-tolerance of bacterial strains remains highly 
controversial. Cunningham & Munns (1984) found that acid-tolerant strains of 
Rhizabium and Bradyrhizabium produced significantly more EPS than strains 
which were identified as acid-sensitive. These investigators have suggested that a 
positive correlation exists between the amount ofEPS produced and the extent of 
acid-tolerance in Rhizobium isolates of different origin. The construction of a well 
defined mutation in a regulatory locus (exoR) controlling EPS synthesis provided 
an opportunity to examine if such a correlation existed between EPS production and 
acid-tolerance in two isogenic strains of Rhizabium. The increased production of 
EPS in R. leguminosarum bv. viceae (WR6-35), when compared to its wild-type 
(WSM710), did not result in increased acid-tolerance, but rather was slightly 
detrimental to the cell at low pH. 
The data presented in this thesis can be fitted into a hypothetical model (Fig. 
7 .1) for the way a cell might respond to low pH. It seems likely that a rhizobial cell 
contains a sensing and communication network to sense changes in the pH and 
subsequently respond by modulating gene expression. The sensing mechanism 
could operate by detecting changes in the pHi or the pHe or both. Both strategies 
are plausible, but a sensor molecule detecting a shift in the cytoplasmic pH might 
have to react extremely rapidly to a change in the proton concentration in order to 
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allow the cell to survive. In contrast, a sensor located at the external surface of the 
cell should be able to respond to an external acid shift before any damage might 
occur. The existence of the buffering capacity of the cell (A in Fig. 7.1) or 
substrate-induced amelioration (Bin Fig. 7.1) might initially help the cell to survive 
the proton stress. However, in many situations it would be impossible to excrete 
alkaline products (for example in a carbon poor environment) and cytoplasmic 
buffering is likely to be of short term value if the cell was not to be adversely 
affected. Consequently, there must exist other fundamental mechanisms which 
would allow the cell to survive in a low pH environment. 
The gene inactivated in TG5-46 (act546; now renamed to actR) encodes a 
regulator protein belonging to the "two-component" signal transduction system of 
bacteria. This system allows a cell to detect (via a sensory protein) and respond (via 
a regulatory protein) to an environmental stimulus. Upstream from the DNA 
encoding the regulator was a gene which encodes a sensor protein (tentatively 
labelled actS). It raises the exciting possibility that this protein (C in Fig. 7.1) 
senses the acidic pH of the environment and transfers this signal via the regulator 
(D in Fig. 7 .1) to activate genes required for survival and growth at low pH. 
Although a number of gene products required at low pH would be specifically 
induced (E & Fin Fig. 7.1), it would be expected that others would be 
constitutively expressed but possibly amplified at low pH (Gin Fig. 7.1). These 
different proteins required at low pH would perform a variety of tasks in order for 
the cell to survive. 
One of the ways for a cell to maintain the pHi near neutral would be to have 
a proton translocation system. The interrupted genes in RT3-27 (act327) and WRl-
14 (actl 14) show similarity with those which encode ion-translocating ATPases. 
Since the mutants WRl-14 and RT3-27 are unable to grow at low pH even if l:!- high 
concentration of calcium is supplied, it is possible that the Act327 and Actl 14 
proteins are involved in the cycling of such an ion which has an important role in 




the A TPase might directly be involved in proton export in exchange for these 
cations (Hin Fig. 7.1), or it may be indirectly involved in proton export by 
expelling an ion, such as cu2+ or Ca2+ (in view of the results from sequence 
alignment; see Chapter 6), to stabilise the internal ion concentration at acidic pH 
values (I in Fig. 7.1). The cycling of such an ion might be an important component 
enabling the cell to maintain the intracellular pH near neutrality and thus survive in 
low external pH . 
It is interesting that strains WR6-35, TGl-6, TGl-11, TG2-6 and TG5-46 
can tolerate low pH if high concentrations of calcium are supplied in the external 
medium. It is possible that extra calcium in the external environment may be 
stabilising the cell membrane in some manner. It may be that mass action of calcium 
ions could be preventing access of protons to a sensitive site. Alternatively, calcium 
may exert its effect by stimulating a proton pump (such as the P-type ATPase found 
in RT3-27 or WRl-14) to more actively extrude protons in acidic conditions thus 
overcoming the acid-sensitivity shown by these mutants. 
There still exists the possibility that other genes located near the site of Tn5 
insertion in the mutants could be involved in acid-tolerance. Mutagenesis of the 
rhizobial DNA around the point of Tn5 insertion using a suitable element such as an 
interposon (Prentki & Krisch, 1984) or Tn5 derivative (Simon et al., 1989) in 
conjunction with a suitable strategy to recombine mutated DNA fragments into the 
wild-type would provide information as to whether any other gene located around 
the point of Tn5 insertion in these mutants would be required for cell viability in 
acidic conditions. In addition, an appropriate reporter gene (such as lacZ in Tn5-
B20) could be inserted into any one of the act genes present on rhizobial DNA 
cloned into a broad host range plasmid (such as pLAFR3 or pSW213). The 
constructs could then be mobilised into the Rhizobium wild-type background and 
thus enable any change in gene expression from cells grown in neutral or acidic 
conditions to be monitored. 
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Further work is now required to establish the precise mechanism of the 
way these act genes work to enable the cell to survive and grow in an acidic 
environment. An understanding at the molecular level might lead the way to the 
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